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SUMMARY 

Boundary-layer t r a n s i t i o n  Reynolds numbers obtained i n  supersonic wind t u n n e l s  
a r e  genera l ly  l o w e r  than  those  of f r e e  f l i g h t  because t h e  tunnel  t e s t  environment 
con ta ins  noise  radiated from t h e  tunnel-wall  t u rbu len t  boundary l aye r s .  This  r ad i -  
a t e d  no i se  genera tes  d is turbances  wi th in  t h e  test-model boundary l a y e r s  which a re  
then  ampl i f ied  by i n s t a b i l i t y  t o  a s t age  of non l inea r i ty  and thence t o  turbulence.  

I n  t h e  p re sen t  work a 10 x 6 in .  Mach 3.5 two-dimensional nozzle  which d i f f e r s  
i n  design s u b s t a n t i a l l y  from m o r e  convent ional  ones h a s  been t e s t e d  i n  o rde r  t o  
demonstrate a reduct ion  i n  t h e  free-s t ream dis turbance  levels and t o  observe t h e  
subsequent e f f e c t s  upon t r a n s i t i o n  on a s lender  cone. Three notab le  f e a t u r e s  of t h e  
nozzle  design are: f i r s t ,  t h e  use of a rapid-expansion contour wherein t h e  p re s su re  
( n o i s e )  waves p r e s e n t  i n  t h e  t e s t  f l o w  o r i g i n a t e  f a r  upstream on t h e  nozzle w a l l  
where t h e  local Mach number i s  l o w  and where no i se  product ion i s  i n e f f i c i e n t ;  second, 
t h e  s e l e c t i o n  of a wide separa t ion  of t h e  t w o  p l ana r  s idewal l s  i n  o rde r  t h a t  no ise  
from t h e s e  cannot reach t h e  t es t  model u n t i l  f a r  downstream; and t h i r d ,  t h e  provis ion  
of  boundary-layer b leed  s l o t s  sho r t ly  upstream of t h e  nozzle t h r o a t  f o r  removal of 
t h e  t u r b u l e n t  boundary l a y e r  on t h e  con t r ac t ion  walls. 

For u n i t  Reynolds numbers between 2.5 x IO5 and 15 x IO5 p e r  inch ,  t h e  observed 
root-mean-square va lues  of f l u c t u a t i n g  s t a t i c  p res su res  w e r e  found t o  vary from 
extremely low va lues  of l e s s  than  0 . 0 3  percent  up t o  about  0 . 8  percent  of t h e  mean 
s t a t i c  p re s su re ,  depending upon t h e  u n i t  Reynolds number, t h e  a x i a l  l oca t ion  i n  t h e  
t e s t  rhombus, and t h e  b leed  s lo t  flow. The l o w  no i se  l e v e l s  corresponded t o  laminar 
boundary l a y e r s  on t h e  nozzle  wal l s ,  whereas t h e  h igher  no i se  l e v e l s  w e r e  caused by 
eddy Mach wave r a d i a t i o n  f r o m  t r a n s i t i o n a l  o r  t u rbu len t  w a l l  boundary l aye r s .  

When t h e  boundary-layer b leed  valve w a s  open, t h e  wal l  boundary l a y e r s  over 
upstream regions  of t h e  nozzle  w e r e  laminar a t  t h e  lower u n i t  Reynolds numbers, and  
t h e  absence of high-frequency r ad ia t ed  noise  then  r e s u l t e d  i n  cone t r a n s i t i o n  
Reynolds numbers approaching those  repor ted  f o r  f r e e  f l i g h t .  A s  t h e  u n i t  Reynolds 
numbers w e r e  increased  o r  when t h e  b leed  va lve  w a s  c losed,  t h e  nozzle-wall boundary 
l a y e r s  became t r a n s i t i o n a l  and tu rbu len t .  The noise  then  increased  t o  much h igher  
l e v e l s ,  with s i g n i f i c a n t  energy up t o  150 kHz. The cone t r a n s i t i o n  Reynolds numbers 
then  decreased considerably t o  va lues  comparable t o  those  measured i n  convent ional  
wind tunnels .  

INTRODUCTION 

To advance t r a n s i t i o n  research  a t  supersonic speeds and s imulate  t h e  low- 
d is turbance  environment of h igh-a l t i tude  f l i g h t  a new type  of wind tunnel  i s  r equ i r ed  
t h a t  w i l l  e l imina te  or  reduce high i n t e n s i t y  noise  r ad ia t ed  i n t o  t h e  t e s t  s e c t i o n  
from t u r b u l e n t  boundary l a y e r s  on nozzle  w a l l s  (refs. 1 t o  5). In  well-designed con- 
ven t iona l  wind tunne l s  t h e  w a l l  boundary l a y e r s  can be maintained laminar but  only a t  
such l o w  Reynolds numbers t h a t  t r a n s i t i o n  i s  n o t  obtained on s i m p l e  models ( r e f .  6 ) .  
Various techniques f o r  maintaining laminar boundary l a y e r s  on nozzle  walls a t  h igh  
Reynolds numbers have been inves t iga t ed  a t  t h e  Langley Research C e n t e r  ( refs .  7 
t o  IO). These techniques w e r e  developed with axisymmetric Mach 5 nozzles  and 
inc luded  t h e  use  of rapid-expansion contours ,  highly pol i shed  w a l l s ,  heated w a l l s ,  



and a boundary-layer b leed  s l o t  upstream of t h e  t h r o a t .  However, r ecen t  r e s u l t s  
( r e f .  1 1 )  i nd ica t ed  t h a t  maximum values  of t e s t  Reynolds numbers with laminar w a l l  
boundary l a y e r s  i n  a n  axisymmetric Mach 5 nozzle which u t i l i z e d  t h e s e  techniques a r e  
no t  s i g n i f i c a n t l y  h igher  than  i n  good conventional nozzles .  

A new technique f o r  ob ta in ing  l a r g e  reduct ions  i n  noise  a t  h igher  Reynolds num- 
bers where t h e  nozzle-wall boundary l a y e r s  are tu rbu len t  has  been developed a t  t h e  
Langley Research Center. (See r e f s .  12 and 13.)  It w a s  shown t h a t  by t h e  use  of a 
very sho r t ,  rapid-expansion nozzle ,  t h e  Mach number and tu rbu len t  boundary-layer 
t h i ckness  a t  t h e  upstream a c o u s t i c  o r i g i n s  could be reduced and t h e  r ad ia t ed  no i se  
w a s  thereby diminished by near ly  a n  order  of magnitude. These tests w e r e  conducted 
i n  a n  axisymmetric Mach 5 nozzle where t h e  q u i e t  t es t  co re  w a s  t o o  ma11 t o  be use- 
f u l .  Calcu la t ions  ( r e f .  13) f o r  both axisymmetric and two-dimensional nozz les  ind i -  
c a t e d  t h a t  l a r g e r  t e s t  co res  could be obtained a t  lower Mach numbers. Also, t h e  da t a  
of Anders e t  a l .  ( r e f s .  12 and 13) showed t h a t  t h e  rapid-expansion axisymmetric noz- 
z l e  w a s  sub jec t  t o  severe c e n t e r l i n e  nonuniformit ies  i n  both mean flow and no i se  
because of focusing from axisymmetric machining e r r o r s .  These aforementioned r e s u l t s  
l e d  t o  t h e  p re sen t  Mach 3 . 5  two-dimensional nozzle  design which u t i l i z e s  t h e  concepts  
of both t h e  rapid-expansion contour and a l a r g e  width-to-height r a t i o  t o  reduce t h e  
i n t e n s i t y  of no ise  r a d i a t e d  i n t o  t h e  t e s t  region a t  high Reynolds numbers. Also, 
boundary-layer removal s l o t s  loca ted  i n  t h e  subsonic con t r ac t ion  region of t h e  nozzle  
a r e  provided t o  a i d  i n  maintaining laminar w a l l  boundary l a y e r s  over a po r t ion  of t h e  
supersonic expansion a t  lower Reynolds numbers. 

Prel iminary noise  data  obtained i n  t h i s  nozzle with f l u c t u a t i n g  p i t o t  p re s su re  
probes have been repor ted  i n  re ference  14. The purposes of t h e  p re sen t  r e p o r t  a r e  t o  
p re sen t  new and more ex tens ive  root-mean-square noise  da ta ,  source v e l o c i t i e s ,  and 
s p e c t r a l  data obtained i n  t h i s  nozzle us ing  hot-wire probes and a l s o  t o  p re sen t  t r an -  
s i t i o n  Reynolds numbers on a So half-angle  sharp t i p  cone a t  zero  angle  of a t t a c k  a s  
determined from measured equi l ibr ium w a l l  temperatures.  A prel iminary assessment of 
t h e  r e l a t i o n  between t r a n s i t i o n  Reynolds numbers and noise  l e v e l s  and spectra i s  a l s o  
presented.  

U s e  of tradenames o r  names of manufacturers i n  t h i s  r e p o r t  does not  c o n s t i t u t e  
a n  o f f i c i a l  endorsement of such products  o r  manufacturers,  e i t h e r  expressed o r  
implied,  by t h e  Nat ional  Aeronautics and Space Administration. 

SYMBOLS 

D 

f l u c t u a t i n g  s t a t i c  pressure  c o e f f i c i e n t ,  i a o / i w  

e f f e c t i v e  nozzle e x i t  diameter ,  2 
L J 

f luc tua t ion  energy 

vol tage  

dimensionless frequency, 27cfv/uw 2 

€ r equenc y 

Mach number 



p 

N 

P r  

P 

9 

R 

RD 

Re,T 

r 

r m s  

T 

U 

X 

XC 

Y 

Z 

AX,AY,LZ 

a 

B 

eC 

c1 

V 

P 

Q 

exponent ia l  f a c t o r  i n  ampl i f i ca t ion  r a t i o  eN from l i n e a r  s t a b i l i t y  theory 

P rand t l  number 

s t a t i c  p re s su re  

dynamic p res su re ,  z pu 

u n i t  Reynolds number, pu/p 

f ree-s t ream Reynolds number based on D ( s e e  f i g .  1 1 )  

l o c a l  t r a n s i t i o n  Reynolds number based on flow d i s t ance  t o  t r a n s i t i o n  

recovery f a c t o r  def ined by equation ( 2 )  

r o o t  mean square 

abso lu te  temperature 

streamwise v e l o c i t y  

a x i a l  d i s t ance  from nozzle t h r o a t  o r  from cone apex 

a x i a l  d i s t ance  of cone apex from nozzle t h r o a t  

v e r t i c a l  d i s t ance  from nozzle c e n t e r l i n e  

ho r i zon ta l  d i s t ance  from nozzle c e n t e r l i n e  

1 2  

a x i a l ,  v e r t i c a l ,  and ho r i zon ta l  dimensions of q u i e t  tes t  core 
( s e e  f i g .  2 2 )  

angle  of a t t a c k  

Mach angle  

cone half-angle  

dynamic v i s c o s i t y  

kinema t i c  v i s c o s i t y  , k/p 

mass d e n s i t y  

r o l l  ang le  with respect to v e r t i c a l  of cone thermocouple row a s  viewed from 
cone base 

Subscr ip ts :  

a w  a d i a b a t i c  wal l  

e l o c a l  va lues  a t  boundary-layer edge 

0 stagna t i o n  
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r" 

re€ mode p l o t  re ference  value 

S noise  source 

s w  s idewal l  ( s e e  f i g .  22)  

T t r a n s i t i o n  onse t  

TE t r a n s i t i o n  end 

t p i t o t  

W wal l  

00 f r e e  stream 

Superscr ip ts :  

r o o t  mean square N 

- mean value 

APPARATUS 

Fa c i 1 it y 

The supersonic p i l o t  low-disturbance tunnel  i s  loca ted  i n  t h e  Gas Dynamics 
Laboratory a t  t h e  Langley Research Center. High-pressure a i r  from t h e  4200-psi t ank  
f i e l d  i s  d r i ed  t o  a dew-point temperature of -52OF and i s  then reduced i n  p re s su re  by 
con t ro l  va lves  loca ted  some d i s t ance  upstream of t h e  s e t t l i n g  chamber. The supply 
a i r  then passes  through a f i l t e r  t h a t  i s  r a t e d  t o  remove 99 percent  of a l l  p a r t i c l e s  
l a r g e r  than 1 pm i n  s i z e .  

The s e t t l i n g  chamber i s  approximately 21  f t  long by 2 f t  i n s i d e  diameter: it 
con ta ins  seven turbulence screens p l u s  seve ra l  dense porous p l a t e s  which func t ion  a s  
a c o u s t i c  b a f f l e s  t h a t  a t t e n u a t e  t h e  high l e v e l  no ise  from con t ro l  va lves  and t h e  
p ip ing  system from about  0 - 2  percent  of s tagnat ion  p res su re  down t o  about 0 . 0 1  per-  
c e n t  ( r e f s .  15 and 16) .  The screens  reduce t h e  normalized r m s  v e l o c i t y  f l u c t u a t i o n s  
t o  about 1 percent ,  a s  measured ou t s ide  t h e  wall boundary l a y e r  i n  t h e  s e t t l i n g  
chamber . 

Figure  1 shms t h e  s e t t l i n g  chamber, v i s i b l e  on t h e  r i g h t  s i d e  of t h e  f i g u r e ,  
and t h e  open j e t  t e s t - s e c t i o n  chamber on t h e  l e f t .  The l a r g e  c i r c u l a r  manifold i s  
connected t o  a 41-f t  diameter vacuum sphere which i s  used t o  remove t h e  boundary- 
l a y e r  b leed  a i r  from t h e  nozzle  through 16 1-in-diameter p i p e s  and hoses ,  some of 
which can be seen i n  t h e  c e n t e r  reg ion  of f i g u r e  1. The nozzle  e x i t  i s  approximately 
6 i n .  high by 10 i n .  wide and i s  v i s i b l e  i n  t h e  upstream end of t h e  t e s t - s e c t i o n  
chamber, t o  t h e  l e f t  of c e n t e r  i n  t h e  f igu re .  The t u n n e l  flow exhausts  t o  a 60-ft-  
diameter  sphere  which, with t h e  c u r r e n t  o p e r a t i n g  procedures  and a f ixed-area d i f -  
f u s e r ,  provides  about a 71nin run  f o r  a s t agna t ion  p r e s s u r e  of 75 ps ia .  
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Nozzle 

A cutaway i somet r i c  sketch of t h e  nozzle i s  shown i n  f i g u r e  2 ( a ) .  Dimensions of 
t h e  t h r o a t  and e x i t  and t h e  length of t h e  nozzle a r e  given i n  t h e  f i g u r e .  The 
i n f l e c t i o n  p o i n t  on t h e  rapid-expansion nozzle contour wall i s  only 0.5 in .  down- 
s t r e a m  of t h e  t h r o a t  where t h e  maximum wall ang le  i s  25.75O, which i s  much l a r g e r  
t h a n  i n  conventional Mach 3.5 wind-tunnel nozzles.  Isometr ic  s e c t i o n a l  views of t h e  
boundary-layer bleed s l o t s  l oca t ed  upstream of t h e  t h r o a t  on both t h e  contour w a l l  
and s idewall  a r e  shown. The boundary-layer bleed o r  suc t ion  plenum i s  a l s o  shown 
with a po r t ion  of 1 of t h e  16 exhaust p i p e s  ind ica t ed .  Figure 2 ( b )  i s  a photograph 
of t h e  subsonic approach which provides  a smooth t r a n s i t i o n  from t h e  c i r c u l a r  c r o s s  
sec t ion  of t h e  s e t t l i n g  chamber t o  t h e  boundary-layer removal s l o t s  and t h e  rectanqu- 
l a r  t h r o a t .  A n  important p a r t  of t h e  nozzle design procedure w a s  t h e  performance of 
a d e t a i l e d  c a l c u l a t i o n  f o r  t h e  flow i n  t h e  t r anson ic  region of t h e  nozzle,  i nc lud ing  
t h a t  i n  t h e  contour w a l l  s l o t s ,  by a t ime-sp l i t  d i f f e rence  scheme programed by 
Strikwerda ( r e f .  17 ) .  This numerical so lu t ion  provided a c c u r a t e  i n i t i a l  cond i t ions  
f o r  t h e  method of c h a r a c t e r i s t i c s  used t o  compute t h e  flow and wall st reamline i n  t h e  
supersonic par t  of t h e  nozzle. A cor rec t ion  f o r  t h e  boundary-layer displacement 
t h i c k n e s s  w a s  app l i ed  t o  t h e  i n v i s c i d  w a l l  s treamline.  

The boundary-layer bleed flow could be c u t  o f f  by c l o s i n g  a valve downstream of  
t h e  bleed manifold. Thus, with t h i s  bleed valve closed,  t h e  boundary l a y e r  i n  t h e  
subsonic approach s p i l l e d  around t h e  s l o t  leading edges. With t h i s  bleed valve open, 
t h e  e n t i r e  boundary l a y e r s  on both t h e  contour w a l l s  and s idewa l l s  of t h e  subsonic 
approach w e r e  removed. The bleed mass f l o w  was maintained constant  a t  a given va lue  
of by maintaining t h e  suc t ion  plenum pres su re  a t  less than one-half t h e  value 

of po., This low plenum pres su re  r e s u l t e d  i n  sonic  flow (except  i n  t h e  very t h i n  
subsonic par t  of t h e  boundary l a y e r )  i n  t h e  minimum area s e c t i o n  of t h e  s l o t  chan- 
n e l s .  This sonic  flow minimized t h e  t ransmission i n t o  t h e  nozzle of any a c o u s t i c  
d i s tu rbances  i n  t h e  plenum. 

po 

The reasons f o r  t h e  general ly  lower no i se  l e v e l s  t h a t  have been measured i n  t h i s  
nozzle ( r e f .  1 4 )  can b e s t  be discussed with reference t o  f i g u r e  3, which shows a 
scale sketch of t h e  contour w a l l  and s idewall  with Mach l i n e s  from t y p i c a l  w a l l  no i se  
sources shown i n  t h e  v e r t i c a l  and horLzontal c e n t e r  planes.  Corresponding values  of 
l o c a l  i n v i s c i d  w a l l  Mach numbers Mw a r e  given on t h e  f igu re .  The sketch d e p i c t s  
t h e  v e r t i c a l  and h o r i z o n t a l  ha l f  s e c t i o n s  of t h e  nozzle fo lded  about t h e  c e n t e r l i n e  
i n t o  t h e  s a m e  plane. It h a s  been shown ( r e f s .  12 and 13) t h a t  i f  Mw i n  a rapid- 
expansion nozzle i s  approximately 2.8 o r  less, then t h e  noise  l e v e l s  i n  t h e  upstream 
region of t h e  t es t  rhombus a re  reduced t o  about 0.2 pe rcen t  even i f  t h e  nozzle-wall 
boundary l a y e r s  a r e  f u l l y  tu rbu len t .  Because no i se  i s  propagated a long  Mach l i n e s  i n  
supersonic flow, t h i s  f i n d i n g  i n d i c a t e s  t h a t  t h e  qu ie t - t e s t - co re  region shown i n  
f i g u r e  3 should experience low l e v e l s  of r a d i a t e d  no i se  from t h e  contour walls and 
very l i t t l e ,  i f  any, r a d i a t e d  no i se  from t h e  s idewa l l s  because t h e  va lues  of Mw a r e  
less than 2.8 a t  t h e  p e r t i n e n t  source loca t ions .  In f a c t ,  no i se  r a d i a t i o n  from t h e  
s idewa l l s  i n t o  t h e  c e n t e r  region of t h e  t e s t  rhombus should no t  be s i g n i f i c a n t  t o  
X = 17 o r  18 i n .  because of t h e  l a r g e  width-to-height r a t i o  of t h e  nozzle. These 
low n o i s e  expec ta t ions  w e r e  f u l l y  r e a l i z e d  a s  shown previously ( r e f .  1 4 ) .  

Cone Model 

The 5O half-angle cone, f a b r i c a t e d  of s t a i n l e s s  steel, was 15 in .  long. It 
cons i s t ed  of a 1-in-long replaceable  t i p  (with a nose r a d i u s  of 0.0025 i n .  ) and a 
0.030-in-thick s k i n  extending f r o m  t h e  cone t i p  t o  t h e  0.3-in-thick base p la t e .  T w o  
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rows of thermocouples w e r e  a t t ached  t o  t h e  s k i n  on oppos i t e  s i d e s  of t h e  cone, with 
53 thermocouples i n  each row spaced 0.25 i n .  apart i n  t h e  a x i a l  d i r e c t i o n  beginning 
a t  1.45 in .  from t h e  apex. The thermocouple w i r e s  were 0.010 in .  i n  diameter  and 
w e r e  sof t - so ldered  i n t o  0.025-indiameter  h o l e s  d r i l l e d  through t h e  sk in .  The su r -  
f a c e  f i n i s h  of t h e  cone w a s  e s t i m a t e d t o  be 10 t o  20 rms pin. 

TESTS AND INSTRWNTATION 

The hot-wire d a t a  t o  be presented  were obta ined  over  a range of s t agna t ion  pres-  
s u r e s  from about 25 t o  150 p s i a  a t  s t agna t ion  temperatures  from about 60°F t o  85OF. 
The cone- t rans i t ion  d a t a  w e r e  ob ta ined  over  t h e  same range of p r e s s u r e s  b u t  a t  some- 
what h igher  temperatures  of 105OF t o  165OF. The corresponding range of f ree-s t ream 
u n i t  Reynolds number extended from approximately 2.5 x 10 p e r  i nch  t o  1.5 x lo6 p e r  
inch. 

5 

The hot-wire da t a  w e r e  t aken  with cons tan t -cur ren t  anemometers, automatic  over- 
h e a t  switching c i r c u i t s ,  and a Flow Corporation model 1900-3 compensating ampl i f i e r .  
The hot-wire probes were s t r u n g  with 0.1-mil-diameter tungs ten  w i r e  which w a s  welded 
t o  needles  spaced t o  provide a length-to-diameter r a t i o  of 200. Most of t h e  d a t a  
used i n  t h i s  r e p o r t  w e r e  ob ta ined  wi th  a F l o w  Corporation model 1900-1 anemometer and 
an automatic h e a t i n g  c i r c u i t  developed by Anders. (See r e f .  9 . )  To provide an inde- 
pendent check of t h e s e  r e s u l t s ,  many runs w e r e  repea ted  wi th  a new automated anemow 
eter and h e a t i n g  c i r c u i t  (model KSF1OO1 developed by Kendall, one of t h e  f o u r  
au tho r s  of t h e  p r e s e n t  r e p o r t )  which prevents  overload c u r r e n t s  i n  t h e  w i r e  dur ing  
r a p i d  mean flow changes such a s  flow s t a r t - u p  o r  break-down condi t ions .  The usua l  
t e s t  procedure a t  each p r e s s u r e  cons i s t ed  of f i r s t  o b t a i n i n g  one mode diagram a t  a 
r e fe rence  l o c a t i o n  i n  t h e  nozzle  by s t anda rd  techniques  ( r e f s .  18 and 19) wherein t h e  
hot-wire d a t a  w e r e  recorded f o r  s e v e r a l  overhea ts  a t  nominally cons t an t  t unne l  con- 
d i t i o n s .  In  unheated supersonic  tunne l s  f o r  M > 2.5, most experiments have shown 
t h e  dominant f ree-s t ream dis turbance  mode t o  be t h e  a c o u s t i c  p re s su re  f l u c t u a t i o n s  
caused by eddy Mach wave r a d i a t i o n  from t h e  nozzle-wall  t u r b u l e n t  boundary l a y e r s .  
For t h e s e  cond i t ions  t h e  mode diagram i s  l i n e a r ,  and both t h e  rms p re s su re  f luc tua -  
t i o n  l e v e l  and mean source  v e l o c i t y  a r e  obta ined  d i r e c t l y  from an  a n a l y s i s  of t h e  
mode diagram ( r e f .  1 ) .  Then, f o r  t h e  same tunne l  cond i t ions  and dur ing  t h e  same run, 
t h e  a x i a l  d i s t r i b u t i o n s  of 
overheat ,  were obta ined  a s  t h e  hot-wire probe w a s  moved wi th  a survey mechanism. 
Because t h e  mode diagram-also showed t h a t  f o r  a cons t an t  va lue  of bl &pa, was 
near ly  p ropor t iona l  t o  t h e  l o c a l  normalized rms p r e s s u r e s  w e r e  computed from t h e  
re  l a t i o n  

m, 

%, t h e  hot-wire r m s  vo l t age  i n t e n s i t i e s  a t  t h e  h i g h e s t  

.w 

where %lref 
diagram d a t a  a t  t h e  re ference  loca t ion .  (These rms values  have been c o r r e c t e d  f o r  
instrument  no i se  by s u b t r a c t i n g  t h e  square  of t h e  n o i s e  from t h e  square of t h e  t o t a l  
s igna l .  1 The va lue  of n i n  equat ion  ( 1 )  w a s  t aken  as  1/4, based on t y p i c a l  t r ends  
i n  t h e  p re sen t  mode p l o t  d a t a  near  t h e  nozzle  e x i t  when t h e  boundary l a y e r s  on t h e  

i s  t h e  rms vo l t age  i n t e n s i t y  a t  t h e  h i g h e s t  overheat  from t h e  mode 
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nozzle  wa l l s  a t  t h e  upstream a c o u s t i c  o r i g i n s  w e r e  t u rbu len t .  
o r i g i n  boundary l a y e r s  w e r e  laminar ,  t h e  hot-wire s i g n a l  w a s  u sua l ly  obscured by t h e  
instrument  no i se  so t h a t  c o n s i s t e n t  t r ends  with po could n o t  be determined. Never- 
t h e l e s s ,  because t h e  va lue  of 
b e t t e r  dur ing  any a x i a l  survey,  t h e  va lue  n = 1/4 has  been app l i ed  t o  a l l  da t a  a s  a 
f i r s t - o r d e r  c o r r e c t i o n  f o r  small changes i n  s t agna t ion  p res su re  t h a t  occurred while  
d a t a  f o r  t h e  r e fe rence  mode diagram and corresponding survey were be ing  recorded. 

When t h e  a c o u s t i c  

po was maintained cons t an t  t o  wi th in  10 pe rcen t  o r  

mSULTS AND DISCUSSION 

Comparison of Root-Mean-Square P i t o t  Pressure  and Hot-wire Data 

Figure 4 compares t y p i c a l  v a r i a t i o n s  of zt/ct as measured previous ly  us ing  

p i t o t  p re s su re  probes ( r e f .  14) wi th  va lues  of 
f o r  t h e  t h r e e  lowest  va lues  of u n i t  Reynolds number and wi th  b leed  valve open and 
closed.  The t r e n d s  shown by t h e  t w o  sets of d a t a  are i n  good agreement, bu t  t h e r e  
a r e  d i f f e r e n c e s  i n  t h e  va lues  ranging  from a few pe rcen t  t o  considerably m o r e  f o r  
some of t h e  low l e v e l  da ta .  m e s e  d i f f e r e n c e s  may be accounted f o r  i n  p a r t  by t h e  
d i f f e r e n t  q u a n t i t i e s  measured. An es t ima te  of t h i s  d i f f e r e n c e  may be obta ined  from 
an equat ion given i n  r e fe rence  18 r e l a t i n g  p,/p, t o  Gt/Ft. For M, = 3.5, t h i s  
equat ion g ives  

cai/pa from t h e  p re sen t  hot-wire d a t a  

- -  

where us/Gai = 0.45 
z l e  wall. Thus, t h e  hot-wire d a t a  a r e  usua l ly  h igher  t han  t h e  p i t o t  d a t a  f o r  f u l l y  
t u r b u l e n t  wal l  boundary l a y e r s  a s  observed, f o r  example, i n  f i g u r e  4 ( a )  with b leed  
valve c losed  and X > 11 in .  and i n  f i g u r e  4( c )  with b leed  va lve  open and 
X > 10 i n .  

was used, corresponding t o  t u r b u l e n t  boundary l a y e r s  on t h e  noz- 

The rms p i t o t  d a t a  f o r  t u r b u l e n t  wa l l  boundary l a y e r s  might be expected t o  be 
lower than  t h e  hot-wire d a t a  f o r  another  reason. T h i s  i s  due t o  t h e  poor high- 
frequency response of t h e  p i t o t  probes because of t h e i r  much l a r g e r  s i z e  than  t h e  
w i r e s .  Thus, a c o u s t i c  d i s tu rbances  with energy above f requencies  of 40 t o  50 kHz 
cannot be reso lved  by t h e  l a r g e r  p i t o t  probes,  and t h a t  p o r t i o n  of t h e  s i g n a l  i s  no t  
sensed by t h e  p i t o t  p r e s s u r e  t ransducer .  On t h e  o t h e r  hand, t h e  f u l l y  t u r b u l e n t  d a t a  
i n  f i g u r e  4 ( b )  ( b l e e d  va lve  closed,  X > 11.5 i n . )  show f a i r  agreement between t h e  
p i t o t  and hot-wire data .  However, t h e  inhe ren t  accuracy of t h e  two methods and o t h e r  
uncont ro l led  v a r i a b l e s  such as nozzle-wall  depos i t s  and t h e  l o c a t i o n  of t r a n s i t i o n  
a l s o  a f f e c t  t h e  d a t a  such t h a t  c o n s i s t e n t  agreement cannot  be expected. 

When t h e  nozzle-wall  boundary l a y e r s  are laminar,, t h e  va lues  of E/: are usu- 
a l l y  less than  0.05 pe rcen t  as shown i n  f i g u r e s  4(a)  and 4 ( b )  f o r  b leed  va lve  open 
and X < 13 i n .  and X < 11 i n .  , r e spec t ive ly .  Note t h a t  va lues  of hot-wire d a t a  
a r e  about  t h r e e  t i m e s  l a r g e r  t han  va lues  of t h e  p i t o t  d a t a  i n  t h e s e  regions.  For 
t h e s e  cond i t ions ,  t h e  hot-wire s i g n a l  was u s u a l l y  t o o  c l o s e  t o  t h e  instrument  n o i s e  
t o  provide r e l i a b l e  r e s u l t s ,  whereas t h e  p i t o t  p r e s s u r e  t r ansduce r s  ( r e f .  14) pro- 
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vided  b e t t e r  s ignal- to-noise  r a t i o s .  %us, f o r  laminar w a l l  boundary l a y e r s  when 
t h e r e  i s  no high-frequency no i se ,  t h e  r m s  p i to t -probe  d a t a  a r e  be l ieved  t o  be more 
r e l i a b l e  than  t h e  hot-wire data .  

The high l e v e l  peaks i n  t h e  p i t o t  no i se  d a t a  which always occurred i n  t h e  
upstream regions  of t h e  t e s t  rhombus with t h e  b l eed  va lve  c losed  a t  t h e  two lowest  
va lues  of  are v e r i f i e d  by t h e  p r e s e n t  hot-  
w i r e  data .  
s t r u c t u r e s  which apparent ly  r a d i a t e  h ighe r  i n t e n s i t y  n o i s e  than  t h e  f u l l y  t u r b u l e n t  
boundary l a y e r s  f a r t h e r  downstream. 

R, = 2.5 x IO5 and 5 . 1  x l o5  per inch  
These peaks a r e  be l ieved  t o  be caused by t r a n s i t i o n a l  w a l l  boundary-layer 

Comparisons between t h e  mean p i t o t  p re s su re  d a t a  f o r  b leed  valve open and 
c losed  (shown a s  t h e  s m a l l  symbols i n  t h e  upper p a r t  of f i g .  4 )  i n d i c a t e  t h a t  t h e  
Mach numbers are genera l ly  lower when t h e  b l eed  va lve  i s  closed. ("he mean p i t o t  
pressure r a t i o  and corresponding i s e n t r o p i c  Mach number s c a l e s  a r e  loca t ed  i n  t h e  
upper l e f t  p a r t s  of t h e s e  f i g u r e s . )  This r e s u l t  shows t h a t  t h e  boundary l a y e r s  
on t h e  contour wa l l s  are t h i c k e r  when t h e  va lve  i s  closed.  
i nch  ( f i g .  4 ( c ) ) ,  t h e s e  t h i c k e r  boundary l a y e r s  a r e  f u l l y  tu rbu len t .  Therefore,  
t h e  no i se  l e v e l s  are lower than  with t h e  b leed  va lve  open i n  t h e  reg ion  of 
1 0  inches < X < 14 inches where t r a n s i t i o n a l  wa l l  boundary-layer e f f e c t s  cause t h e  
h igher  no i se  l e v e l s .  

A t  R, = 8.0  x IO5 p e r  

Axial  Surveys of Root-Mean-Square S t a t i c  Pressures  

Figures 5, 6, and 7 show t y p i c a l  hot-wire d a t a  f o r  t h e  normalized r m s  s t a t i c  
p re s su re  ;,/Fa p l o t t e d  a g a i n s t  X f o r  Y = 0 with Z = 0,  Z = -2 i n . ,  and 
Z = -4  i n . ,  r e spec t ive ly ,  f o r  b leed  valve open and c losed  over  t h e  t e s t  range of 
u n i t  Reynolds number from approximately 2.5 x l o 5  p e r  inch  t o  16 x l o 5  p e r  inch .  
F igures  8 and 9 show s i m i l a r  t ypes  of da t a  i n  t h e  v e r t i c a l  c e n t e r  p l ane  ( Z  = 0 )  a t  
Y = -0.5 i n .  and Y = 1.5 i n . ,  r e spec t ive ly ,  a l s o  over  t h e  t e s t  range of u n i t  
Reynolds number. The s m a l l  d a t a  p o i n t s  i n  a l l  t h e s e  f i g u r e s  a r e  taken d i r e c t l y  from 
t h e  mode p l o t s ;  a l l  of t h e  o t h e r  d a t a  p o i n t s  were obta ined  during t h e  a x i a l  surveys 
wi th  t h e  use of equat ion ( 1 ) .  

To i l l u s t r a t e  t h e  dependence of cone t r a n s i t i o n  on t h e  phys ica l  n o i s e  d i s t r i b u -  
t i o n s  i n  t h e  nozzle ,  t h e  upper p a r t s  of f i g u r e s  5 ( a )  t o  5 ( d )  show a ske tch  of t h e  
nozzle  contour and tes t  rhombus o u t l i n e  wi th  t h e  cone superimposed i n  t h e  two tes t  
p o s i t i o n s  used. Because t h e  cone was always l o c a t e d  on t h e  nozzle  c e n t e r l i n e ,  on ly  
t h e  cone and nozzle  ha l f  s e c t i o n s  above t h e  c e n t e r l i n e  a r e  shown i n  t h e  sketches.  
The da ta  p o i n t s  p l o t t e d  on t h e  cone su r faces  r e p r e s e n t  t h e  measured l o c a t i o n s  of 
t r a n s i t i o n  on t h e  cone a t  approximately t h e  same u n i t  Reynolds number a s  denoted by 
t h e  corresponding symbol used f o r  t h e  no i se  da t a  i n  t h e  lower p a r t  of each f i g u r e .  
The dependence of t r a n s i t i o n  on t h e  no i se  f i e l d  c h a r a c t e r i s t i c s  i s  apparent  from 
t h e s e  f i g u r e s ;  however, f u r t h e r  d i scuss ion  of t h i s  dependence w i l l  be delayed u n t i l  
t h e  d e t a i l e d  t r a n s i t i o n  d a t a  a r e  presented  i n  a subsequent s e c t i o n  of t h i s  paper. 

Returning t o  t h e  ex tens ive  set  of no i se  da t a  i n  f i g u r e s  5 t o  9, t h e  fo l lowing  
p r i n c i p a l  c h a r a c t e r i s t i c s  of t h e  no i se  f i e l d  a r e  apparent:  

( 1 )  With t h e  bleed valve open and f o r  any given va lue  of R,, t h e  l e v e l  of t h e  
no i se  v a r i e s  by more than  an order  of magnitude a t  d i f f e r e n t  l o c a t i o n s  wi th in  t h e  
t es t  rhombus from low "laminar" va lues  of less than  0.1 pe rcen t  i n  t h e  upstream 
regions  on t h e  c e n t e r l i n e  t o  h ighe r  " turbulen t"  va lues  from about  0.3 t o  0 .8  percent  
i n  t h e  downstream regions  and o f f  t h e  c e n t e r l i n e  c l o s e  t o  t h e  s idewal l  ( Z  = 4 i n .  ) . 
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( 2 )  For R, > 7 . 6  x I O 5  p e r  inch, t h e  noise  l e v e l s  are  general ly  lower 

3 for 
with t h e  bleed valve c losed  than with t h e  bleed valve open, p a r t i c u l a r 1  
8 i n .  < X < 15 i n .  However, a t  t h e  two lowest va lues  of R, = 2.5 x 10  p e r  inch  
and R, = 5 x IO5 p e r  inch,  t h e  opposi te  e f f e c t  of t h e  b l eed  valve i s  noted, and 
l a r g e  peaks i n  no i se  occur with t h e  valve closed a t  X = 1 1  i n .  and X = 7 in .  , 
r e s p e c t i v e l y  , a c r o s s  t h e  e n t i r e  ho r i zon ta l  c e n t e r  plane. These peaks are poss ib ly  
caused by t r a n s i t i o n a l  flow on t h e  contour walls a s  a l r eady  noted i n  t h e  d i scuss ion  
of f i g u r e  4. 

Y = O  

Fig. 4 Fig. 5 ( a )  

( 3 )  Changes i n  no i se  l e v e l s  a t  va r ious  l o c a t i o n s  within t h e  test  rhombus f o r  a 
given set  of flow cond i t ions  can be t r a c e d  upstream a long  Mach l i n e s  t o  t h e  "acoust ic  
o r i g i n "  on t h e  nozzle w a l l ,  a s  i l l u s t r a t e d  f o r  a hypo the t i ca l  q u i e t  tes t  core i n  
figure 3. Thus, t h e  approximate loca t ion  of t r a n s i t i o n  i n  t h e  boundary l a y e r  on t h e  
contour w a l l s  can be determined f o r  a given value of 
l i n e s  a re  t h e  downstream boundaries of t h e  laminar q u i e t  t e s t  core  a t  t h a t  value of 
R,. I n  t h e  s a m e  way, t h e  downstream boundaries of t h e  t u r b u l e n t  q u i e t  t es t  core can 
be determined i n  both t h e  v e r t i c a l  and h o r i z o n t a l  c e n t e r  p l anes  of t h e  nozzle from 
t h e  r eg ions  a long  t h e  contour walls o r  s idewalls ,  r e s p e c t i v e l y ,  where t h e  r a d i a t e d  
n o i s e  begins  t o  inc rease  s i g n i f i c a n t l y  . 

R,. The corresponding Mach 

Y = -0.5 in .  Y = 1.5 i n .  

Fig. 8 ( a )  Fig. 9 ( a )  

The f i r s t  two c h a r a c t e r i s t i c s  mentioned above can be v e r i f i e d  by a cursory exam- 
i n a t i o n  of t h e  f i g u r e s .  The t h i r d  c h a r a c t e r i s t i c  r e q u i r e s  f u r t h e r  explanation which 
w i l l  be presented i n  t h e  following paragraphs. 

Consider f i r s t  t h e  propagation of noise  i n  t h e  v e r t i c a l  cen te r  plane from t h e  
t r a n s i t i o n a l  region of t h e  boundary l a y e r s  on t h e  contour w a l l s .  The following t a b l e  
lists, f o r  t h e  bleed-valve-open (hot-wire) da t a  , t h e  c e n t e r l i n e  l o c a t i o n s  X ( i n  
inches )  where t h e  no i se  f i r s t  i nc reases  from t h e  low laminar l e v e l s  t o  0 . 1  percen t  
and t h e  corresponding l o c a t i o n s  Xw 
t o u r  wall: 

( i n  inches )  of t h e  a c o u s t i c  o r i g i n s  on t h e  con- 

Nominal 
- 1  

Rm, i n  

2 . 5  x l o 5  
5.0 

X 

14.2  
1 1 . 3  

For a given value of 
va lues  of Xw (unde r l ined  f o r  emphasis) even when t h e  corresponding X-locations from 
t h e  of f - cen te r l ine  surveys are much d i f f e r e n t  than t h e  c e n t e r l i n e  values.  For exam- 
p l e ,  a t  
v a r i e d  from only about 5 . 5  in .  t o  6 . 5  in .  Because t h e s e  data are  taken from d i f f e r -  
e n t  runs made over a pe r iod  of s eve ra l  months, t h e  v a r i a t i o n s  i n  
be caused by inadve r t en t  v a r i a t i o n s  i n  nozzle-wall d e p o s i t s  of d u s t  and l i n t .  

Rm, it i s  apparent t h a t  t h e r e  i s  reasonable agreement i n  t h e  

R, = 2.5 x lo5  p e r  inch,  t h e  l o c a t i o n s  of t r a n s i t i o n  by t h i s  c r i t e r i o n  

Xw are bel ieved t o  
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The propagation of no i se  from sidewall  sources  i n  t h e  h o r i z o n t a l  c e n t e r  p l ane  i s  
demonstrated i n  a similar manner by t h e  data f o r  
value of R m ,  va lues  of X and Xw ( i n  inches)  are  a g a i n  l i s t e d  i n  t h e  fol lowing 
table:  

R, IJ 2.5 x l o 5  p e r  inch. For t h i s  

Source 
f i g u r e  

- 4  7 ( a )  c -2 6 ( a )  

. .  
~ 

X 

~ 

4.5  
11.0 
. .  

~~ 

xW 

3.6 
1.6 

~- 

The inc rease  i n  no i se  a t  t h e s e  X-locations f o r  t h e  surveys a t  Z = -4 and -2 i n .  i s  
caused by t h e  inc reas ing  l e v e l  of noise  r a d i a t i o n  from t h e  s idewall  t u r b u l e n t  bound- 
a r y  l a y e r  a t  where t h e  l o c a l  Mach number i s  about  2.4. The Mach l i n e  
from t h i s  w a l l  p o i n t  i s  s l i g h t l y  upstream of t h e  one shown i n  f i g u r e  3 s t a r t i n g  a t  
t h e  s idewall  p o i n t  f o r  The former l i n e  i n t e r s e c t s  t h e  c e n t e r l i n e  ( Z  = 0) 
a t  X IJ 18 in .  The da ta  i n  f i g u r e  5 ( a )  a t  t h i s  u n i t  Reynolds number show a n  appreci-  
able  inc rease  i n  noise  l e v e l  i n  t h e  v i c i n i t y  of X = 18 i n .  Hence, it may be con- 
cluded t h a t  t h i s  i nc rease  i n  c e n t e r l i n e  no i se  i s  caused by t h e  inc reas ing  no i se  r a d i -  
a t i o n  from t h e  two s idewa l l s  a s  t h e  a c o u s t i c  o r i g i n  Mach number a long  t h e  w a l l  
i n c r e a s e s  t o  about 2.4. This i nc reas ing  no i se  r a d i a t i o n  from t h e  s idewa l l s  i s  a l s o  
apparent  f o r  with b l eed  valve closed i n  f i g u r e s  5 ( d )  
and 6 ( d )  , s t a r t i n g  a t  X 15 t o  16 in .  The concept of us ing  t h e  wide nozzle t o  
e l i m i n a t e  r a d i a t i o n  from t h e  s idewa l l s  i s  t h e r e f o r e  v a l i d a t e d  by t h e s e  data .  

Xw = 1.6 in .  

Mw = 2.69. 

R, > 7.6 x lo5 p e r  inch 

The a x i a l  l eng th  of t h e  laminar q u i e t  t es t  core with bleed valve open depends on 
t h e  u n i t  Reynolds number a s  shown by t h e  da t a  i n  f i g u r e s  4 and 5. From f i g u r e s  5 ( a )  
and 5 ( b )  and by using X = 5 in .  as  t h e  upstream t i p  of t h e  tes t  rhombus, t h e  a x i a l  
l e n g t h s  AX a long  t h e  c e n t e r l i n e  of t h e  laminar t e s t  core  a r e  a s  follows: 

RCp, i n  

2.5 x lo5 
5.0 
7.6 

10.0 

AX t 
in .  

9.8 
6.0 
5.0 
2.4 

.- - 

._ - 

The length of a " tu rbu len t  q u i e t  t e s t  core" (&&, < 0 . 2  pe rcen t  ) with bleed valve 
closed f o r  R, > 7.6 x 10 p e r  inch i s  about 9.5 i n .  according t o  t h e  data  i n  
f i g u r e  5 ( d ) .  

5 

One a d d i t i o n a l  p e c u l i a r i t y  of t h e  no i se  da t a  t h a t  should be noted i s  t h e  gradual  
i nc rease  t o  a no t i ceab le  peak i n  noise  l e v e l s  t h a t  occurs  with inc reas ing  va lues  of  
X i n  t h e  region of 8 in.  < X < 14 in .  ( f o r  Y = 0) with bleed valve open f o r  
R, > 7.6 x lo5 p e r  inch. 
have been caused by shimmering Mach wave no i se  from waviness d e f e c t s  on t h e  contour 
wall; however, it i s  now bel ieved t h a t  t h e  e f f e c t  i s  caused p r imar i ly  by t r a n s i t i o n a l  

It was thought previously ( r e f .  14) t h a t  t h i s  peak might 
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boundary-layer flow a long  t h e  contour wal l s  between 
Thus, i n  f i g u r e s  5 ( b )  and 6 ( b ) ,  t h e  peak region s e e m s  t o  move upstream with increas-  
i n g  va lues  of R,. A t  t h e  higher  va lues  of R,, it appears  t h a t  t h e  development of 
t h i s  t r a n s i t i o n a l  flow i s  delayed o r  suppressed by t h e  l a r g e  a x i a l  p re s su re  g r a d i e n t s  
a long  t h e  contour walls. A t  Y = -0.5 i n .  ( f i g .  8 ( a ) ) ,  t h e  peak region i s  extended 
i n  t h e  a x i a l  d i r e c t i o n  and t h e  rise s t a r t s  f a r t h e r  upstream because of t h e  asymmet- 
r i c a l  r a d i a t i o n  from t h e  t o p  and bottom contour walls. 
involved i n  t h e s e  t r a n s i t i o n  processes  (as  i n  r e f .  11) ; however, f u r t h e r  inves t iga-  
t i o n  w i l l  be requi red  t o  determine whether t h e  v o r t i c e s  o r  t h e i r  a s soc ia t ed  s t ruc -  
t u r e s  ( r e f .  2 0 )  con t r ibu te  t o  t h e  r ad ia t ed  noise. 

Xw = 2 i n .  and Xw = 7 in .  

Gor t l e r  v o r t i c e s  a r e  probably 

Source V e l o c i t i e s  

F igu re  10 shows t y p i c a l  mode diagram data  ( b a s i c  methods and equat ions  given i n  
r e f s .  1 and 19) on t h e  c e n t e r l i n e  a t  o r  near t h e  nozzle  e x i t  f o r  t h e  v a r i a t i o n  with 
u n i t  Reynolds number of t h e  normalized source v e l o c i t y  
s t a t i c  pressure ,  G,/Gm f o r  bleed valve open and closed. Data from two d i f f e r e n t  
anemometers and hea t ing  c i r c u i t s ,  i d e n t i f i e d  by t h e  no ta t ion  "KST" and "FC" 
(model KST-100 and Flow Corporation model 1900-1, r e s p e c t i v e l y ) ,  a r e  shown i n  f i g u r e  
1 0  t o  i n d i c a t e  t h e  genera l ly  acceptab le  agreement t h a t  was obtained by use of t h e  two 
systems. The source v e l o c i t y  v a r i e s  from about 0.2 t o  0.4 of t h e  l o c a l  f ree-s t ream 
v e l o c i t y  f o r  bleed valve both open and c losed  and appears  t o  decrease s l i g h t l y  with 
inc reas ing  va lues  of R . The r a t h e r  l a r g e  s c a t t e r  i n  these  da ta  i s  caused by 
instrument  no i se  problems. Nevertheless ,  t h e  agreement of t h e  higher  va lues  with 
Laufe r ' s  data  ( i n  r e f .  2 1 ,  t h e  measured value a t  M = 3.5 was us/<, = 0.45) i n d i -  
c a t e s  t h a t  t h e  d is turbances  a r e  due t o  eddy Mach wav"e r ad ia t ion .  

and t h e  normalized r m s  

m 

With bleed valve open ( f i g .  1 0 ( a ) ) ,  t h e  noise  l e v e l s  f i r s t  i nc rease  t o  a peak 
due t o  t h e  inf luence ,  even a t  t h i s  s t a t i o n  of X = 15.5 i n . ,  of t h e  laminar and t ran-  
s i t i o n a l  nozzle-wall boundary l a y e r s  a t  t h e  f a r  upstream a c o u s t i c  o r i g i n s .  For 
R, > 7.6 x 10 with u n i t  Reynolds number i s  
t y p i c a l  of r a d i a t e d  no i se  from f u l l y  tu rbu len t  boundary l aye r s .  This decreasing 
t r end  i s  evident  a t  X = 13.5 in .  ( f i g .  1 0 ( b )  ) over t h e  e n t i r e  range of R, with 
bleed valve closed. 

5 p e r  inch ,  t h e  decreasing t r end  of G,/G,,, 

Comparison of Noise Levels With Previous Data 

Typical  n o i s e  l e v e l s  expressed a s  t h e  r m s  p r e s s u r e  c o e f f i c i e n t  (2; f o r  bo th  
laminar  and t u r b u l e n t  s i g n a l s  from t h e  p r e s e n t  c e n t e r l i n e  d a t a  of f i g u r e s  4, 5, 
and 10 are p l o t t e d  i n  f i g u r e  11 a g a i n s t  
t h e  e f f e c t i v e  e x i t  diameter  of t h e  nozzle. 
used h e r e  f o r  comparisons with o t h e r  d a t a  because of i t s  gene ra l ly  smaller v a r i a t i o n  
with Mach number than  &Fm. 
d i f f e r e n t  wind tunne l s  ( r e f s .  21 t o  23) obta ined  by both  hot-wire and p i t o t  p r e s s u r e  
probes ( s o l i d  and open symbols, r e s p e c t i v e l y )  are a l s o  p l o t t e d  i n  f i g u r e  11. For t h e  
p r e s e n t  da t a ,  t h e  X-locations and type  of s i g n a l  ( laminar  o r  t u rbu len t )  are i n d i c a t e d  
i n  t h e  f igu re .  As mentioned previous ly ,  t h e  p r e s e n t  t u r b u l e n t  p i to t -p re s su re  d a t a  
are lower than  t h e  corresponding hot-wire d a t a  because t h e  p i t o t  probes w e r e  t o o  
l a r g e  t o  respond t o  t h e  high-frequency po r t ion  of t h e  s i g n a l  f o r  f > 40 t o  50 kHz. 
This  discrepancy between t h e  two techniques appears  t o  i n c r e a s e  wi th  inc reas ing  
Reynolds number, as might be expected. 
e n t  nozzle  have been r epor t ed  previous ly  ( r e f .  14) except  f o r  one a d d i t i o n a l  p o i n t  a t  

R,,, t h e  f ree-s t ream Reynolds nuanber based on 
The pres su re -coe f f i c i en t  parameter i s  

For comparison wi th  t h e s e  r e s u l t s ,  d a t a  from f o u r  

All of t h e  p i t o t - p r e s s u r e  d a t a  f o r  t h e  pres- 
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t h e  h ighes t  value of %. 
hot-wire d a t a  i s  i n d i c a t e d  by t h e  v e r t i c a l  scatter b a r s  f o r  t h e s e  d a t a  p o i n t s .  

The r e l a t i v e l y  l a r g e  u n c e r t a i n t y  i n  t h e  p r e s e n t  laminar 

The p r e s e n t  laminar f l u c t u a t i o n  amplitudes are between one and two o r d e r s  of 
magnitude lower than  d a t a  f o r  
l e n t  w a l l  boundary l a y e r s  a t  t h e s e  Reynolds numbers. Laminar w a l l  boundary l a y e r s  
have been obtained i n  t h e  Jet Propulsion Laboratory (JPL) 20-Inch Supersonic Wind 
Tunnel a t  general ly  lower Reynolds numbers as follows: 

RD > IO6 i n  convent ional  t u n n e l s ,  which have turbu-  

I Moo I Nominal RD 

3.7 x lo5 

4.5 1.1 x 106 
4.6 x l o5  

H o t - w i r e  measurements i n  t h e  JPL t u n n e l  f o r  t h e  above cond i t ion  a t  
r e s u l t e d  i n  normalized va lues  of t h e  rms f l u c t u a t i n g  m a s s  flow and t h e  t o t a l  tempera- 
t u r e  of 0.037 pe rcen t  and 0.001 percen t ,  r e spec t ive ly .  Because t h e  mode diagram w a s  
a s t r a i g h t  l i n e ,  it may be assumed t h a t  t h e  dominant d i s tu rbance  mode w a s  a c o u s t i c  
(presumably due t o  shimmering Mach waves from f i x e d  sources  such as w a l l  roughness o r  
waviness) and t h e  r e s u l t i n g  value of t h e  f l u c t u a t i n g  p r e s s u r e  c o e f f i c i e n t  Cf; w a s  
0.0036 percent.  This value i s  p l o t t e d  i n  figure 11 and i s  seen t o  be i n  good agree- 
ment with t h e  p r e s e n t  laminar da t a .  

M, = 4.5 

A t  R,, IO7,  t h e  l e v e l s  of t h e  p r e s e n t  t u r b u l e n t  d a t a  are about  0 .03  p e r c e n t  
compared t o  l e v e l s  ranging from 0 . 0 5  pe rcen t  f o r  t h e  l a r g e  AEDC/V’KF Tunnel A 
( r e f .  2 2 )  t o  0 .08  pe rcen t  f o r  t h e  JPL 20-Inch Tunnel ( r e f .  21).  (The t r e n d  o f  
decreasing n o i s e  wi th  i n c r e a s i n g  Reynolds number i s  apparent  i n  most of t h e  t u r b u l e n t  
hot-wire d a t a  except  AEDC/VKF Tunnel B ( r e f .  2 2 )  a t  M = 6. )  The concept of t h e  
t u r b u l e n t  q u i e t  t es t  co re  ( r e f s .  1 2  and 13) which depends p r imar i ly  on t h e  u s e  of a 
very s h o r t  rapid-expansion nozzle contour i s  t h e r e f o r e  confirmed by t h e  p r e s e n t  da t a .  

a3 

Power Spectra  

It has  been shown ( r e f s .  6, 24, and 25) t h a t  t h e  s p e c t r a  of f ree-s t ream d i s t u r b -  
ances  may have s i g n i f i c a n t  e f f e c t s  on t r a n s i t i o n  when tes t  cond i t ions  f a v o r  amplif i -  
c a t i o n  of Tollmien-Schlichting (TS) waves a t  c r i t i ca l  f r equenc ie s  t h a t  are p r e s e n t  i n  
t h e  e x t e r n a l  disturbances.  These cond i t ions  are exemplif ied by two-dimensional 
boundary l a y e r s  on smooth s u r f a c e s  and by t h e  boundary l a y e r  on t h e  p r e s e n t  s h a r p  
apex cone a t  zero ang le  of a t t a c k .  The most amplif ied TS frequencies  t h a t ,  according 
t o  l i n e a r  s t a b i l i t y  theory,  would be p r e s e n t  i n  t h e  laminar boundary l a y e r  preceding 
t r a n s i t i o n  have been c a l c u l a t e d  by Malik’ f o r  t h e  p r e s e n t  t e s t  condi t ions ( 8  = 50; 

C 

’Malik, M. R.: I n s t a b i l i t y  and Trans i t i on  i n  Supersonic Boundary Layers. 
To be presented a t  t h e  ASME Symposium on Turbulent and Laminar Boundary Layers - 
Their Control and Flow Over Compliant and Other Surfaces ( N e w  Orleans, La. 1, 
Feb. 1984. 
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75 kHz f o r  Re,T 
r e spec t ive ly .  

3.36; T = Taw). These f requencies  are approximately 55 kHz and 
= 6.8 x Y O 6  and 8.2 x lo6 a t  Re = 5 x l o 5  and 7.6 x 10  p e r  inch,  5 

T r a n s i t i o n  d a t a  from t h e  p r e s e n t  tests (p resen ted  i n  t h e  next  s e c t i o n  of t h i s  
r e p o r t )  show t h a t  f o r  
R occurred when t h e  b l eed  va lve  was open and t h e  lowest  va lues  occurred when t h e  
b leed  va lve  was closed.  Therefore,  while  hot-wire s p e c t r a l  d a t a  have been recorded 
f o r  t h e  e n t i r e  range of t e s t  cond i t ions  and a t  1-in. i n t e r v a l s  i n  X throughout t h e  
tes t  rhombus? t h e  s p e c t r a l  d a t a  presented  i n  t h i s  r e p o r t  a r e  l imi t ed  t o  t h e  above 
noted cond i t ions  s i n c e  t h e  e f f e c t s  of d i f f e r e n t  s p e c t r a  should be t h e  most pronounced 
a t  t h e s e  condi t ions .  

3 5 x IO5 t o  8 x 105 per inch ,  t h e  h ighes t  va lues  of 

e , T  

F igures  1 2  t o  15 show t h e  power s p e c t r a  of t h e  hot-wire s i g n a l  a t  s e v e r a l  
l o c a t i o n s  a long  t h e  c e n t e r l i n e  wi th  b leed  va lve  open and c losed  f o r  
R, = 5.3 and 7.9 x 10 per inch. P a r t s  ( a )  of f i g u r e s  12 t o  15 s h m  t h e  o r i g i n a l  
unsmoothed s p e c t r a  wi th  both t h e  s i g n a l  and instrument  n o i s e  p l o t t e d  t o  t h e  same 
s c a l e  i n  v o l t s  squared per h e r t z  a g a i n s t  frequency i n  k i l o h e r t z .  These f i g u r e s  a r e  
included t o  i l l u s t r a t e  t h e  proximity of t h e  s i g n a l  t o  t h e  instrument  no i se  t h a t  
occurred i n  t h e  upstream regions  of t h e  t es t  rhombus, e s p e c i a l l y  with t h e  b leed  va lve  
open ( f i g s .  1 2  and 13) .  A t  f > 80 o r  100 kHz, depending on t h e  value of R,, t h e  
amplitude of t h e  s i g n a l  and n o i s e  a r e  wi th in  t h e  same decade of t h e  l o g  sca l e .  
Therefore,  a t  f requencies  above t h e s e  va lues ,  t h e  s p e c t r a l  d a t a  i n  p a r t s  ( a )  of f i g -  
u r e s  12 t o  15 a r e  p l o t t e d  a g a i n s t  s taggered  s c a l e s  (which a r e  shown on t h e  r i g h t  s i d e  
of t h e s e  f i g u r e s )  t o  improve t h e  c l a r i t y  of t h e  high-frequency data .  Thus, it i s  
apparent  t h a t  a t  t h e s e  high f requencies ,  t h e  s i g n a l  and no i se  are near ly  co inc ident  
f o r  X < 11.5 i n .  wi th  t h e  b leed  va lve  open ( f i g s .  12 and 13).  However, with t h e  
b leed  va lve  c losed  ( f i g s .  14 and 15) t h e r e  i s  s i g n i f i c a n t  energy a t  high f requencies  
above t h e  instrument  n o i s e  t h a t  occurs  f o r  X > 5.5 i n .  These high-frequency d a t a  
a l s o  show t h a t  i n  a l l  ca ses  f o r  X > 18.5 in .  t h e r e  i s  measurable energy above 
instrument  no i se  o u t  t o  200 Mz.  

5 

P a r t s  ( b )  of f i g u r e s  12 t o  15 show t h e  more convent ional  log-log p l o t s  of 
smoothed s p e c t r a  where t h e  o r d i n a t e  i s  t h e  free-s t ream n o i s e  i n  terms of 
(P,/P,)~/HZ. 
of t h e  s i g n a l  a t  each of t h e  250 p o i n t s  used a c r o s s  t h e  frequency bandwidth of t h e  
d i g i t a l  spectrum analyzer . )  These p l o t s  a r e  convenient t o  demonstrate any t r e n d s  i n  
t h e  t r u e  phys ica l  s p e c t r a  and t o  f a c i l i t a t e  comparisons wi th  o t h e r  data.  Thus, a 
f e a t u r e  of t h e s e  s p e c t r a  which d i f f e r s  from those  i n  convent ional  t unne l s  i s  t h e  
r a t h e r  prominent peak t h a t  was observed i n  t h e  range of f 3 10 t o  40 Mz f o r  
X > 12.5 i n .  with t h e  b l eed  va lve  open ( f i g s .  12(b)  and 1 3 ( b ) )  and f o r  X < 7.5 in .  
wi th  t h e  b leed  va lve  c losed  ( f i g .  1 4 ( b ) ) .  A t  t h e  l a r g e r  u n i t  Reynolds number of 
R, = 7.9 x 10 per inch wi th  b l eed  va lve  c losed  ( f i g .  15 (b )  ) , t h e  s p e c t r a l  curves  
are more near ly  f l a t  f o r  X < 12.5 in .  ou t  t o  f requencies  of 40 t o  8 0  kHz. The 
prominent high-frequency peaks i n  t h e  present s p e c t r a  appear  t o  be c h a r a c t e r i s t i c  of 
small rapid-expansion nozz les  s i n c e  t h i s  type  of spectrum was a l s o  obtained i n  a 
Mach 5 rapid-expansion nozz le  ( r e f .  13) when t h e  w a l l  boundary l a y e r  a t  t h e  a c o u s t i c  
o r i g i n  sources  was tu rbu len t .  In  t h e  nozzles  of both t h e  p r e s e n t  and previous 
i n v e s t i g a t i o n s  ( r e f .  13 ) ,  t h e  t u r b u l e n t  boundary l a y e r  a t  t h e  a c o u s t i c  o r i g i n s  w a s  
very t h i n  and had developed wi th  s t r o n g  favorable  p r e s s u r e  grad ien ts .  
presumably reduce t h e  eddy s i z e s  and inc rease  t h e  high-frequency r a d i a t i o n  i n  accord- 
ance with Strouhal  s c a l i n g  parameters. 

- -  
(The square  of t h e  instrument  no i se  has  been sub t r ac t ed  from t h e  square 

5 

These f a c t o r s  

Free-stream s p e c t r a  obta ined  i n  more convent ional  nozz les  e x h i b i t  a r a t h e r  char- 
acter is t ic  form, examples of which are t o  be found i n  f i g u r e  8 of re ference  21 f o r  
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Mach numbers of  2.0 and 4.5. For t h e  p re sen t  nozzle,  it may be expected t h a t  t h e  
e f f e c t  of t h e  r a p i d  expansion near  t h e  t h r o a t  would f a d e  with i n c r e a s i n g  va lues  of 
X and t h a t  t h e  spec t r a  presented he re  would p rogres s ive ly  assume t h e  form p r e v a i l i n g  
i n  conventional tunnels .  Figure 1 3 ( c ) ,  i n  which t h e  spec t r a  of f i g u r e  13 (b )  have 
been r e sca l ed  t o  f a c i l i t a t e  comparison with o t h e r  r e s u l t s ,  t e s t s  t h i s  expectat ion.  
The frequency scale h a s  been converted t o  dimensionless f o r m ,  
o r d i n a t e  va lues  have a l s o  been scaled.  In  p a r t i c u l a r ,  f o r  t h e  f i n a l  s t a t i o n  only 
( X  = 24.5 i n . ) ,  t h e  energy was normalized t o  produce a n  i n t e g r a l  value of u n i t y ,  
whereas t h e  energy f o r  t h e  s t a t i o n s  forward of t h i s  w a s  s ca l ed  such a s  t o  maintain 
t h e  va lues  i n  c o r r e c t  proport ion.  Thus, t h e  r e l a t i v e  growth of energy with inc reas -  
i n g  va lues  of X i s  unaffected by t h e  scal ing.  Also shown i n  f i g u r e  13 (c )  a re  pre- 
viously unpublished spectra  obtained i n  t h e  JPL 20-Inch Tunnel a t  Mach 3.3 f o r  t h r e e  
v a l u e s  of u n i t  Reynolds number. Each of t h e s e  h a s  been sca l ed  i n  t h e  manner of t h e  
24.5-in. spectrum, rendering d i r e c t  intercomparison of t h e  f o u r  spec t r a  appropr i a t e .  
It may be seen t h a t ,  a s  expected, spectra  obtained w e l l  downstream i n  t h e  p r e s e n t  
nozzle resemble those from a conventional nozzle,  except t h a t  t h e  spectra  f o r  t h e  two 
h i g h e s t  u n i t  Reynolds numbers i n  t h e  JPL tunne l  do n o t  have a well-defined peak a s  do 
t h e  p re sen t  spectra .  

2 F = 2nfv/u, , and t h e  

One f u r t h e r  a s p e c t  of t h e  spectra  t o  be mentioned concerns t h e  value of t h e  
frequency which i s  most amplif ied by a test-model boundary l a y e r  a t  t h e  s t a t i o n  n e a r  
t h e  onse t  of t r a n s i t i o n .  For a f l a t - p l a t e  model, t h e  s t a b i l i t y  theory shows t h a t  
t h e r e  e x i s t s  a t  any s p e c i f i e d  value of Reynolds number, Mach number, e tc . ,  one par-  
t i c u l a r  frequency which h a s  been amplif ied more than a l l  o t h e r s  ( r e f s .  6 and 24) .  
For a cone, t h e  a n a l y s i s  i s  rendered d i f f i c u l t  because t h e  geometrical  e f f e c t  causes  
ob l ique  waves t o  become more two-dimensional during s t r e a m w i s e  propagation. A s  pre- 
viously mentioned, Malik2 has  ca l cu la t ed  t h e s e  f r equenc ie s  €o r  t h e  p re sen t  tes t  con- 
d i t i o n s .  For t h e  cond i t ions  of f i g u r e  1 3 ( c ) ,  t r a n s i t i o n  w a s  observed on t h e  cone 

at Re,T 
However, s ince  t h e  v a r i a t i o n  of N with F shows a r a t h e r  broad peak, a band of  
f r equenc ie s  i s  probably involved. Such a band i s  shown on t h e  f i g u r e  corresponding 
t o  a range i n  ampl i f i ca t ion  f a c t o r s  from N = 10 t o  10.5. The corresponding v a l u e s  
of F i n d i c a t e  i n  a general  way where t h e  most "dangerous" f r equenc ie s  l i e  with 
r e s p e c t  t o  t h e  bulk of t h e  f l u c t u a t i o n  energy. In t h e  p re sen t  tunnel ,  some of t h e  
p e c u l i a r  u n i t  Reynolds number t r e n d s  i n  t h e  t r a n s i t i o n  d a t a ,  presented i n  t h e  nex t  
s e c t i o n ,  may be r e l a t e d  t o  t h e  unusual s p e c t r a l  energy d i s t r i b u t i o n s  seen i n  f ig-  
u r e s  12 t o  15 a s  w e l l  a s  t o  t h e  unique s p a t i a l  d i s t r i b u t i o n s  of t unne l  no i se  ( f i g s .  5 
t o  9) .  

FJ 8.2 x l o 6 ,  which corresponds t o  a n  ampl i f i ca t ion  f a c t o r  of N = 10.5. 

Cone Trans i t i on  S t u d i e s  

Sch l i e ren  photographs.- Schl ieren photographs of t h e  flow over downstream por-  
t i o n s  of t h e  cone i n  i t s  two t e s t  p o s i t i o n s  i n  t h e  nozzle a r e  shown i n  f i g u r e  16. 
When t h e  cone apex was pos i t i oned  5 in .  downstream of t h e  nozzle t h r o a t  ( f i g .  1 6 ( a ) ) ,  
t h e  15-in-long cone w a s  e n t i r e l y  within t h e  t es t  rhombus. The dark band on t h e  l e f t  
s i d e  of t h e  photographs i s  due t o  t h e  sch l i e ren  window frame. The nozzle e x i t  i s  n o t  
v i s i b l e  b u t  i s  4.5 i n .  upstream of t h e  cone base. The cone w a s  then r e loca ted  3 i n .  
f a r t h e r  downstream, a s  shown i n  f i g u r e s  16(b)  and 1 6 ( c ) ,  t o  determine whether t h e  
gene ra l ly  l a r g e r  no i se  l e v e l s  f a r t h e r  downstream would reduce t r a n s i t i o n  Reynolds 
numbers. However, t h e  expansion waves from t h e  nozzle e x i t  then i n t e r s e c t e d  t h e  cone 

2See footnote  I ,  p. 12. 
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about  1.8 in .  upstream of t h e  base o r  a t  13.2 in .  from t h e  apex. Thus, t h e  e q u i l i l r  
rim temperature data may not  be v a l i d  f o r  X > 13 i n .  from t h e  apex when t h e  cone 
was i n  t h i s  l oca t ion  and when t h e  thermocouple rows were a t  4 = Oo and 180O. 

Figure 16 (c )  p e r t a i n s  t o  R, = 3.8 x IO5 pe r  inch f o r  which t h e  boundary l a y e r  
over t h e  e n t i r e  cone appears  t o  be laminar a s  ind ica t ed  by t h e  sharply def ined edge 
of t h e  boundary l a y e r  v i s i b l e  i n  t h e  upper p a r t  of t h e  photograph. Apparently, f o r  
t h i s  condi t ion ,  t h e  expansion waves from t h e  nozzle e x i t  d i d  not  cause t r a n s i t i o n  i n  
t h e  cone boundary l aye r .  This r e s u l t  may be compared with f i g u r e  16(b)  a t  
R, = 5 x 1 0  p e r  inch f o r  which t h e  boundary l a y e r  over  most of t h i s  downstream 
por t ion  of t h e  cone appears  t o  be turbulen t .  
with t h e  cone apex a t  5 in .  from t h e  t h r o a t  ( f i g .  16 (a )  1 , t h e  boundary l a y e r  aga in  
appears  t o  remain laminar t o  t h e  cone base. 

5 

However, a t  t h i s  same value of R,: bu t  

Equi l ibr ium recovery f ac to r s . -  F igures  17 and 18 show t y p i c a l  v a r i a t i o n s  of t h e  
recovery f a c t o r  r def ined  a s  

(2  1 Taw - Te r =  
T - Te 
0 

p l o t t e d  a g a i n s t  t h e  a x i a l  d i s t ance  along t h e  cone f o r  bleed valve open and closed and 
f o r  t h e  two l o c a t i o n s  of t h e  cone apex, 
Each p a r t  of f i g u r e s  17 and 18 shows t h e  data  from a s i n g l e  run obtained over t h e  
range of R, by s t a r t i n g  a t  t h e  lowest value of po and by then inc reas ing  po 
incremental ly  t o  t h e  h ighes t  value. This  ope ra t iona l  sequence i n  s tagnat ion  p res su re  
was followed f o r  each run i n  t h e  e n t i r e  t e s t  s e r i e s .  
ured cone s k i n  temperatures ,  were obtained a f t e r  cons tan t  flow condi t ions  were e s t a k  
l i s h e d ,  which r e s u l t e d  i n  nea r ly  constant  temperatures  and avoided l a r g e  hea t  conduc- 
t i o n  e f f e c t s .  The dashed l i n e s  a r e  drawn a t  t h e  t h e o r e t i c a l  laminar recovery f a c t o r  
of 

Xc = 5 and 8 i n .  from t h e  nozzle t h r o a t .  

The va lues  of Taw, t h e  meas- 

r = = 0.843 L 

The s o l i d  l i n e s  a r e  f o r  t h e  t u r b u l e n t  recovery f a c t o r  taken a s  

The va lues  of r w e r e  computed from equat ion ( 2 )  u s ing  t h e  measured temperatures  and 
were then displayed on t h e  Hewlett-Packard 9845 CRT during t h e  runs. After  t h e  va l -  
ues  and t r e n d s  of r remained e s s e n t i a l l y  cons tan t  f o r  about  1 min and agreed wel l  
with t h e  t h e o r e t i c a l  value of rL i n  t h e  region ahead of t r a n s i t i o n ,  t h e  data  were 
then  recorded and t h e  f i n a l  p l o t s  made. 

The onse t  of t r a n s i t i o n  was determined a s  t h e  i n t e r s e c t i o n  of two s t r a i g h t  
l i n e s  f a i r e d  through t h e  laminar and t r a n s i t i o n a l  data a s  ind ica t ed  i n  t h e  f i g u r e s .  
The s l i g h t  i nc rease  i n  t h e  measured va lues  of r immediately upstream of t r a n s i t i o n  
is probably due t o  h e a t  conduction e f f e c t s  i n  t h e  0.030-in-thick s t a i n l e s s  steel 
skin.  Nevertheless ,  t h e  l o c a t i o n  of t r a n s i t i o n  and t h e  e f f e c t s  upon t h i s  i n  response 
t o  changes i n  noise  l e v e l s  with bleed valve open o r  c losed  and d i f f e r e n t  a x i a l  
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l o c a t i o n s  of t h e  cone within t h e  nozzle flow are  c l e a r l y  evident.  Thus, comparison 
of f i g u r e s  1 7 ( a )  and 1 7 ( c )  shows t h a t  c l o s i n g  t h e  bleed valve caused t r a n s i t i o n  t o  
occur much f a r t h e r  forward than  with t h e  b l eed  valve open, e s p e c i a l l y  f o r  
R < 7.9 x 10 p e r  i nch ,  i n  accordance with t h e  corresponding no i se  changes shown i n  
f i g u r e s  4 and 5. S imi l a r ly ,  from f i g u r e s  17 and 18, it i s  clear t h a t  moving t h e  cone 
downstream 3 i n . ,  which placed t h e  apex 8 in .  from t h e  nozzle t h r o a t ,  a g a i n  moved 
t r a n s i t i o n  forward compared t o  t h e  va lues  f o r  t h e  upstream l o c a t i o n  a t  t h e  s a m e  b l eed  
valve s e t t i n g  and Re. This change i n  t r a n s i t i o n  l o c a t i o n  i s  due t o  t h e  i n c r e a s e s  i n  
t h e  r a d i a t e d  no i se  i n c i d e n t  on t h e  cone. The run condi t ions,  t h e  d i s t a n c e s  t o  t h e  
onse t  and end of t r a n s i t i o n  ( taken a s  t h e  peak l o c a t i o n  i n  r ) ,  and l o c a l  t r a n s i t i o n  
Reynolds numbers f o r  a l l  t h e  da t a  used i n  t h i s  r e p o r t  are  l i s t e d  i n  tab le  I. 

5 
e 

The problem of h e a t  conduction a long  t h e  model sk in  must always be considered 
when measuring recovery temperatures. In  t h e  p re sen t  model, t h e r e  w e r e  s i g n i f i c a n t  
h e a t  conduction e f f e c t s  on t h e  sk in  temperatures c l o s e  t o  t h e  cone base. Thus, s i n c e  
t h e  cone base w a s  0.3 in .  t h i c k ,  it d i d  not  reach equi l ibr ium temperature a s  quickly 
a s  t h e  0.030-in-thick skin.  Because t h e  e n t i r e  cone was a t  room temperature be fo re  
t h e  runs  s t a r t e d  and, f o r  a given run, i f  t h e  cone su r face  recovery temperatures w e r e  
below room temperature,  t h e  cone base was then t o o  ho t  during t h e  e a r l y  par t  of t h e  
run  when t h e  temperature da t a  f o r  t h e  lowest p r e s s u r e s  w e r e  being recorded. Examples 
of t h i s  "hot base" e f f e c t  are apparent  a t  t h e  two lowest p r e s s u r e s  f o r  t h e  r u n s  o f  
f i g u r e s  1 7 ( a )  and 18 (a )  from t h e  s m a l l  i n c r e a s e s  i n  r f o r  t h e  t h r e e  o r  f o u r  thermo- 
couples n e a r e s t  t h e  cone base. The laminar recovery temperatures f o r  t h e s e  two r u n s  
a t  t h e  lowest p r e s s u r e s  w e r e  53OF ( f i g .  17 (a )  ) and 44OF ( f i g .  18 (a )  ).  Hence, u n t i l  
t h e  t h i c k  base cooled t o  t h e s e  lower temperatures,  some of t h e  cone thermocouples 
near  t h e  base i n d i c a t e d  temperatures t h a t  w e r e  t o o  high, r e s u l t i n g  i n  a p o s s i b l e  
f a l s e  i n d i c a t i o n  of t r a n s i t i o n  onset .  The s implest  check on t h i s  h e a t  conduction 
e f f e c t  w a s  t o  i nc rease  t h e  s tagnat ion temperature s u f f i c i e n t l y  so t h a t  t h e  laminar 
recovery temperature was a t  o r  s l i g h t l y  above room temperature. The r e s u l t s  f o r  two 
r u n s  made a t  higher  va lues  of To a r e  shown i n  f i g u r e s  17(b)  and 18(b) f o r  d i r e c t  
comparison with t h e  data of f i g u r e s  1 7 ( a )  and 18(a) ,  r e spec t ive ly .  The cons tan t  
v a l u e s  of r seen f o r  a l l  thermocouples i n  t h e  former runs  a t  t h e  two lowest va lues  
of po show c l e a r l y  t h a t  t r a n s i t i o n  occurred downstream of t h e  l a s t  thermocouple 
(X = 14.5 i n .  from cone t i p )  a t  t h e  two l o w e s t  u n i t  Reynolds numbers. (The data  a t  
t h e  h ighes t  u n i t  Reynolds numbers w e r e  always obtained l a t e r  i n  t h e  runs,  and t h e  
temperature of t h e  base p l a t e  w a s  then approximately t h e  same a s  t h e  cone recovery 
temperature.)  Consequently, a l l  data which showed a constant  laminar value of r up 
t o  t h e  t h r e e  o r  fou r  thermocouples nea res t  t h e  base,  where a s l i g h t  i nc rease  i n  r 
was noted, w e r e  co r rec t ed  t o  show t h a t  t r a n s i t i o n  occurred downstream of t h e  l a s t  
thermocouple, X = 14.5 in .  These co r rec t ed  data  are included i n  t a b l e s  I ( a )  
and I ( b ) .  

From t h i s  considerat ion of h e a t  conduction e f f e c t s ,  w e  may assume t h a t  upstream 
of t h e  base,  only one o r  two thermocouples ahead of t h e  " t rue" l o c a t i o n  of t r a n s i t i o n  
were a f f e c t e d  by h e a t  conduction. Th i s  method of us ing  t h e  i n t e r s e c t i o n  p o i n t  of t h e  
two s t r a i g h t  l i n e  f a i r i n g s  of t h e  data  t o  determine t h e  t r a n s i t i o n  onse t  l o c a t i o n  i s  
t h e r e f o r e  bel ieved t o  be r e l i a b l e .  

One f i n a l  comment on t h e  e f f e c t  of mean flow d i s tu rbances  from t h e  nozzle e x i t  
on t h e  cone boundary-layer flow can be made, based on t h e  a x i a l  v a r i a t i o n s  of recov- 
e r y  temperature a long  t h e  cone. Th i s  mean flow dis turbance i s  v i s i b l e  i n  t h e  sch l i e -  
ren photographs of f i g u r e  16. With t h e  cone apex a t  8 i n .  from t h e  nozzle t h r o a t ,  
t h i s  dis turbance i n t e r s e c t s  t h e  cone a t  X = 13 i n .  However, t h e  da t a  of f iq-  
u re  18(b)  ( X c  = 8 i n ;  4 = 1 8 0 ° )  shows t h e r e  w a s  no adverse e f f e c t  of t h e  
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flow d is turbances  s ince  t r a n s i t i o n  d id  not  move ahead of t h e  l as t  thermocouple 
( X  = 14.5 i n . )  a t  t h e  two lowest va lues  of Rm. 

E f f e c t  of f ree-s t ream noise  on XT/XTE.- From t h e  recovery f a c t o r  p l o t s ,  it i s  
apparent  t h a t  t h e  a x i a l  l ength  ot t h  e t r a n s i t i o n  region may vary considerably with 
free-s t ream noise .  For example, f i g u r e  1 7 ( a ) ,  which i s  f o r  bleed valve open and with 
t h e  cone apex a t  5 in .  from t h e  t h r o a t  corresponding t o  t h e  lowest average no i se  
l e v e l s  ( r e c a l l  f i g s .  5(a )  and 5 ( b ) ) ,  shows r a t h e r  abrupt  i n c r e a s e s  from laminar t o  
t u r b u l e n t  va lues  of r. In c o n t r a s t  with t h i s  r e s u l t ,  f i g u r e  1 8 ( c ) ,  which corre-  
sponds t o  t h e  h ighes t  average r m s  no ise  l e v e l s  ( a t  high f requencies )  i nc iden t  upon 
t h e  cone f i g s .  5 ( c ) ,  5 ( d ) ,  14, and 15 ) ,  shows much more gradual  i nc reases  from l a m i -  
nar  t o  t u r b u l e n t  recovery f a c t o r s ,  e spec ia l ly  a t  t h e  lower va lues  of 

R,. 

To determine whether t h e s e  apparent  d i f f e r e n c e s  i n  t h e  ex ten t  o r  development 
rate of t r a n s i t i o n  followed c o n s i s t e n t  t r ends ,  t h e  r a t i o s  of were p l o t t e d  i n  
f i g u r e  19 a g a i n s t  t h e  l o c a l  u n i t  Reynolds number f o r  a l l  t h e  t r a n s i t i o n  data  from 
t a b l e  I. Again, by r e fe rence  t o  t h e  noise  l e v e l s  i n  f i g u r e  5 a s  w e l l  a s  t o  t h e  spec- 
t r a l  da ta  of f i g u r e s  12 t o  15, it i s  apparent  t h a t  t h e  e x t e n t  and l e v e l  of t h e  no i se  
a t  t h e  most c r i t i c a l  f requencies  (50 kHz < f < 8 0  kHz) tended t o  inc rease  with 
i n c r e a s i n g  va lues  of Rm o r  when t h e  cone was moved downstream t o  t h e  8-in. l o c a t i o n  
or ,  f i n a l l y ,  when t h e  b leed  valve was closed. Figure 19 shows t h a t  t h e  r a t i o  XT/XTE 
indeed responded t o  a l l  t h e s e  f a c t o r s  and i n  t h e  order  l i s t e d .  Thus, a t  t h e  lowest 
va lues  of Re (which i s  about 8 percent  l a r g e r  than R m  f o r  t h e  p re sen t  condi t ions)  
and with bleed valve open, t h e  maximum values  of t h e  r a t i o  XT/XTE a r e  about 0.9. 
This  value may be compared with r e s u l t s  from t h e  cone f l i g h t  data  of re ference  26 
( i - e . ,  f i g .  16 of r e f .  26) where XT/XTE v a r i e d  from about  0.84 t o  0.92 f o r  
1.6 < Mm < 1.9. Typical wind-tunnel va lues  ( r e f .  2 7 )  f o r  t h i s  r a t i o  a r e  included f o r  
comparison i n  t h e  lower r i g h t  s i d e  of f i g u r e  19 which shows va lues  ranging from about  
0.6 t o  0.75. These r e s u l t s  obviously have important a p p l i c a t i o n s  t o  t h e  c a l c u l a t i o n  
of boundary-layer p r o p e r t i e s  requi red  f o r  t h e  design of supersonic  vehic les .  

XT/XTE 

T rans i t i on  Reynolds number.- Before t r a n s i t i o n  da ta  from t h e  p re sen t  t e s t s  a r e  
d iscussed ,  it i s  appropr i a t e  t o  review b r i e f l y  t h e  prev ious  wind-tunnel and f l i g h t  

p l o t t e d  data  t o  be used f o r  comparisons. Figure 20 shows t y p i c a l  data  f o r  R 
a g a i n s t  Re from four  d i f f e r e n t  wind tunne l s  ( r e f s .  27 t o  30) and from f i v e  d i f f e r -  
e n t  f l i g h t  tests ( r e f s .  26 and 31 t o  34) of sharp cones a t  zero o r  s m a l l  angle  of 
a t t a c k  i n  t h e  range of 1 .4  < M < 4.6 . These da ta  a r e  f o r  t h e  onse t  of t r a n s i t i o n ,  
e i t h e r  a s  given i n  t h e  o r i g i n a l  re ferences  o r ,  when necessary,  co r rec t ed  t o  r ep resen t  
t h e  onse t  according t o  t h e  b e s t  information a v a i l a b l e  from each p a r t i c u l a r  re ference .  
All t h e  wind-tunnel da ta  are f o r  a d i a b a t i c  wal l  temperatures ,  bu t  only one s e t  of 
f l i g h t  data  ( r e f .  26) i s  f o r  a d i a b a t i c  w a l l  temperatures.  The o the r  f l i g h t  da t a  
( r e f s .  31 t o  34) a r e  f o r  cold-wall  condi t ions  with TJTo ranging from about 0 .3  t o  
0 .8 .  Four of t hese  data p o i n t s  from references  32 and 33 a r e  i n  about t h e  same u n i t  
Reynolds number and t r a n s i t i o n  Reynolds number ranges a s  t h e  r ecen t  data  of F i s h e r  
and Dougherty ( r e f .  26) .  Thus, t h e  l a r g e  favorable  e f f e c t  of wall cool ing  on t r a n s i -  
t i o n  Reynolds numbers a s  p red ic t ed  by l i n e a r  s t a b i l i t y  theory  and confirmed by t h e  
f l i g h t  da ta  of re ference  26 was not  evident  i n  t h e s e  e a r l i e r  cold-wall f l i g h t  da t a  
( r e f s .  32 and 33).  It i s  t h e r e f o r e  l i k e l y  t h a t  t h e s e  e a r l i e r  da ta  may have been 
adverse ly  a f f e c t e d  by w a l l  roughness o r  angle-of-at tack e f f e c t s  a s  i nd ica t ed  by t h e  
comparatively low va lues  of Re,T. 

e , T  

e 

The winb-tunnel t r a n s i t i o n  Reynolds number da ta  shown i n  f i g u r e  20 genera l ly  
f a l l  i n t o  two d i s t i n c t  groups. The spec t ra  and r m s  va lues  of t h e  free-s t ream rad i -  
a t e d  no i se  a r e  probably respons ib le  f o r  t h e s e  two groups o r  l e v e l s  i n  t h e  va lues  of 

from about 4 x lo6 t o  5.5 x lo6 w e r e  obtained i n  The h igher  l e v e l s  of Re,T 
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t h e  AEDC 40 X 40-Inch Tunnel A o r  i n  o t h e r  t u n n e l s  f o r  Me < 1.9. For Mm less than  
about  2, t h e  i n t e n s i t y  of t h e  no i se  r a d i a t e d  by nozzle-wall t u r b u l e n t  boundary l a y e r s  
i s  gene ra l ly  much lower than a t  higher  Mach numbers so t h a t  va lues  of 
higher.  The r a d i a t e d  no i se  i n  t h e  large Tunnel A i s  n o t  only lower i n  r m s  l e v e l s  
than o t h e r  t u n n e l s  f o r  t h e  s a m e  Mach number range (see f i g .  1 1 )  b u t  a l s o  h a s  somewhat 
l o w e r  energy a t  t h e  high c r i t i c a l  f requencies  ( f i g .  21 i n  r e f .  2 2 )  due t o  t h e  t h i c k e r  
t u r b u l e n t  boundary l a y e r s  on t h e  nozzle walls and, accordingly,  t h e  r e s u l t i n g  va lues  

Of %,T 6 l e v e l s  of Re 
2.5 < Me < 4.4. 
l e v e l s  more c l o s e l y  resemble t h e  cond i t ions  of t h e  p r e s e n t  tests. 

R e I T  a re  

are  higher. On t h e  o t h e r  hand, a l l  t h e  wind-tunnel data i n  t h e  lower 
from about 2 x l o 6  t o  3.5 x 10 a re  from smaller t u n n e l s  and f o r  
Thus, t h e  tunne l  s i z e  and Mach number range f o r  t h e s e  lower da t a  

i s  p l o t t e d  e ,T  The p resen t  t r a n s i t i o n  data are shown i n  f i g u r e  21 where R 
a g a i n s t  Re 
from t h e  nozzle t h r o a t .  The shaded bands r ep resen t  t h e  da t a  from f i g u r e  20. Run 
c o n d i t i o n s  and o t h e r  p e r t i n e n t  information f o r  t h e  p r e s e n t  da t a  are  l i s t e d  i n  t a b l e  I 
where t h e  run numbers are  a l s o  included f o r  easy c r o s s  reference.  A l l  t h e  p o i n t s  
p l o t t e d  on t h e  45O l i n e s  i n  f i g u r e s  21(a)  and 21(b)  r e p r e s e n t  cond i t ions  where 
t r a n s i t i o n  was not  observed on t h e  cone ( i . e . ,  
r e p r e s e n t  t h e  cone-length Reynolds number f o r  X = 14.5 in .  The four  p a r t s  of f ig-  
u r e  21  ( f i g s .  2 1 ( a )  t o  2 1 ( d ) )  are arranged i n  t h e  o rde r  of gene ra l ly  inc reas ing  r m s  
n o i s e  l e v e l s  over t h e  cone and/or i nc reas ing  energy i n  t h e  c r i t i ca l  frequency range 
f r o m  f = 50 t o  8 0  kHz. Thus, f i g u r e  2 1 ( a )  i s  f o r  Xc = 5 i n .  and f o r  bleed valve 
open. According t o  f i g u r e s  5 ( a ) ,  5 ( b ) ,  12, and 13, t h e r e  i s  no measurable no i se  a t  
t h e  c r i t i c a l  f requencies  f o r  s t a t i o n s  up t o  5.5 in .  and 4.5 i n .  from t h e  cone apex a t  
R, = 5.3 x 1 0  p e r  inch and R, = 7.9 x lo5 p e r  inch,  r e spec t ive ly .  Th i s  absence of 
noise  a t  t h e  c r i t i ca l  frequencies  over t h e  upstream p o r t i o n  of t h e  cone has  t h e  
e f f e c t  of delaying t h e  onse t  of t r a n s i t i o n  t o  t h e  e x t e n t  t h a t  t h e  r e s u l t i n g  va lues  of 

are  i n  t h e  range of f l i g h t  data. However, as  Re i s  increased,  t h e  no i se  R e , T  
l e v e l s  and t h e  high-frequency energy ( s p e c t r a  a t  t h e  h i g h e s t  va lues  of Rm a re  no t  
shown) inc rease  and t h e  va lues  of Re,T decrease toward t h e  low l e v e l  of t h e  wind- 
tunne l  data.  It should be noted t h a t  t h i s  t r e n d  of decreasing t r a n s i t i o n  Reynolds 
number with inc reas ing  u n i t  Reynolds number i s  i n  opposi t ion t o  t h e  u n i t  Reynolds 
e f f e c t  u sua l ly  observed i n  conventional wind t u n n e l s  a s  apparent ,  f o r  example, i n  t h e  
d a t a  of f i g u r e  20. 

f o r  b l eed  valve open and c losed  and with t h e  cone apex a t  5 and 8 in .  

XT > 14.5 i n . ) .  Thus, t h e s e  45O l i n e s  

5 

F igu re  21 (b )  i s  f o r  t h e  same cond i t ions  a s  f i g u r e  21 (a )  except t h a t  t h e  cone w a s  
moved downstream by 3 i n .  which then subjected t h e  cone boundary l a y e r  t o  higher  
average no i se  i n t e n s i t i e s  -and higher  frequencies.  The r e s u l t i n g  va lues  of Re,T a t  
Re = 5.3 x l o 5  and 7.9 x 10 p e r  inch w e r e  then reduced t o  t h e  higher  l e v e l s  of t h e  
wind-tunnel data.  However, f o r  Re > 7.9 x l o 5  p e r  inch,  t h e  va lues  of R a re 
again i n  agreement with t h e  lower range of wind-tunnel data.  

5 

e , T  

The t r a n s i t i o n  d a t a ,  t oge the r  with t h e  free-stream no i se  l e v e l s  and s p e c t r a  
provide i n d i r e c t  bu t  s i g n i f i c a n t  information on t h e  a m p l i f i c a t i o n  of boundary-layer 
f l u c t u a t i o n s  i n  t h e  region preceding t r a n s i t i o n .  By t h e  a c t i o n  of r e l o c a t i n g  t h e  
cone long i tud ina l ly  within t h e  tes t  sec t ion ,  t h e  no i se  i n c i d e n t  upon t h e s e  upstream 
reg ions  of t h e  laminar boundary l a y e r  on t h e  cone was caused t o  vary from t h e  very 
low l e v e l s  o r i g i n a t i n g  from t h e  laminar w a l l  l a y e r s  f a r  upstream t o  those  l e v e l s  
which correspond t o  t r a n s i t i o n a l  o r  t u r b u l e n t  w a l l  l aye r s .  Figures  5 ( a )  and 5(b)  f o r  
t h e  u n i t  Reynolds numbers of 5.3 x lo5 and 7.9 x 10 
t h a t  t h e  l o c a t i o n  of t r a n s i t i o n  on t h e  model tended t o  remain a t  a f i x e d  s p a t i a l  
l o c a t i o n  with r e spec t  t o  t h e  nozzle. An i n fe rence  t o  be drawn from t h i s  r e s u l t  i s  
t h a t  sound f i e l d  f l u c t u a t i o n  energy was i n j e c t e d  i n t o  t h e  cone boundary l a y e r  a t  
s t a t i o n s  w e l l  downstream of t h e  apex. It may be pointed o u t  t h a t  t h e  f o r c i n g  theory 

5 p e r  inch,  r e s p e c t i v e l y ,  show 
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of Mack ( r e f s .  24 and 25) desc r ibes  a mechanisn by which energy i s  t r a n s f e r r e d  t o  t h e  
l a y e r  f o r  s t a t i o n s  ahead of t h e  f i r s t  n e u t r a l  po in t ,  which l i e s  approximately 1 i n .  
from t h e  cone apex i n  t h e  p re sen t  case; however, t h e  f o r c i n g  theory i s  not  app l i cab le  
t o  energy t r a n s f e r  downstream of t h i s  s t a t i o n .  Thus, t h e o r e t i c a l  s t u d i e s  on t h e  
f o r c i n g  and r e c e p t i v i t y  problem f o r  downstream s t a t i o n s  w i l l  be  needed f o r  c l a r i f i c a -  
t i o n  of t h e  p re sen t  r e s u l t s  and of supersonic wind-tunnel data i n  general .  

F igu res  21(  c )  and 21( d )  f o r  Xc = 5 in .  and 8 i n . ,  r e spec t ive ly ,  show fur- 
5 t h e r  decreases  i n  va lues  of Re T, but  only f o r  Re < 7.9 x 1 0  p e r  inch.  

The l a r g e  decreases  i n  va lues  of Re,T f o r  Re < 5.3 X 10 per inch a r e  
due t o  t h e  high t r a n s i t i o n a l  no i se  levels  (and corresponding high-frequency 
energy) a t  X = 7.5 and 10.5 i n .  a s  shown i n  f i g u r e s  5 ( c )  and 14. Again, 
t h e  dependence of t r a n s i t i o n  on t h e  s p a t i a l  l o c a t i o n  of a n  inc rease  i n  noise  
within t h e  tunnel ,  r a t h e r  than on t h e  t o t a l  l ength  of exposure on t h e  cone, 
i s  shown by t h e  va lues  of p l o t t e d  on t h e  cone su r faces  i n  f i g u r e  5 ( c )  
f o r  t h e  two cone t e s t  pos i t i ons .  Of course,  when t h e  cone i s  moved down- 
stream 3 in .  ( f i g .  2 1 ( d ) ) ,  t h e  va lues  of Re,T a r e  reduced f u r t h e r ,  below 

5 t h e  lowest l e v e l s  of wind-tunnel data  f o r  3 x lo5 p e r  inch  < Re < 6 x 10 
are  about t h e  same, 5 However, when Re > 7.9 x 10 p e r  inch ,  t h e  va lues  of R 

r ega rd le s s  of t h e  cone l o c a t i o n  s ince  t h e  r m s  no ise  f i e l d  1 s  then  more near ly  con- 
s t a n t  over t h e  upstream regions  of t h e  cone and t h e  spec t ra  always conta in  high- 
frequency energy a s  shown by f i g u r e  15. 

5 

% 

p e r  inch. 

e , T  

PROJECTIONS OF PILOT-TUNNEL PERFORMANCE 

Figure 22 i l l u s t r a t e s  how t h e  nozzle flow determines t h e  shape and loca t ion  of 
t h e  q u i e t  t e s t  core  and how i t s  v e r t i c a l  and ho r i zon ta l  dimensions a r e  r e l a t e d  t o  t h e  
long i tud ina l  dimension. To determine whether any b e n e f i t s  might be gained from a 
l a r g e r  nozzle  and f a c i l i t y ,  consider  t h e  p ro jec t ed  performance of a nozzle  which 
would be t h r e e  t i m e s  l a r g e r  than  t h e  p re sen t  p i l o t  nozzle. 

For  a laminar q u i e t  t e s t  core  t h e  dimensions AX f o r  t h e  p i l o t  nozzle given on 
page 10 would be increased  by t h r e e  t i m e s ;  bu t  i n  order  f o r  t r a n s i t i o n  t o  occur on 
t h e  nozzle  w a l l  a t  geometr ical ly  s imi l a r  l oca t ions ,  t h e  va lues  of t h e  Reynolds number 
based on AX, 
roughnesses would have t o  be sca led  i n  proport ion t o  t h e  boundary-layer th icknesses .  
Hence, t h e  s tagnat ion  p res su re  would be reduced by one-third,  bu t  t h e  th i ckness  of 
t h e  laminar boundary l a y e r  on t h e  nozzle  wal l  o r  on models a t  geometr ical ly  s i m i l a r  
l o c a t i o n s  would be t h r e e  t i m e s  l a r g e r .  Thus, no t  only would t h e  laminar boundary 
l a y e r s  be easier t o  probe, bu t  t h e  e f f e c t s  of roughness on t r a n s i t i o n  f o r  both t h e  
nozzle-wall and model boundary Payers would be reduced because w a l l  roughness and 
d u s t  d e p o s i t s  tend  t o  remain a t  t h e  s a m e  abso lu t e  dimensions; t he re fo re ,  even longer  
runs  of laminar flow might occur. However, t h e  main b e n e f i t  t h a t  would be obta ined  
from a nozzle  sca led  up by a f a c t o r  of t h r e e  i s  t h a t  t h e  va lues  of 
2 1 ( a ) ,  f o r  example, would be reduced by one-third bu t  t h e  values 
sumably be about  t h e  s a m e  s ince  t h e r e  would be no tunne l  no i se  p re sen t  over t h e  noz- 
z l e  boundary l a y e r  or t h e  upstream p o r t i o n s  of t h e  laminar boundary l a y e r  on a model. 
That is, t h e  l a r g e s t  va lues  of on a cone model are expected t o  be i n  t h e  same 
range of 7 x IO6 t o  8.5 x lo6 (or h igher )  bu t  t o  occur a t  one-third t h e  u n i t  Reynolds 
number. Thus, from f i g u r e  20,  t h e  r e s u l t i n g  t r a n s i t i o n  da ta  would l i e  i n  t h e  same 
u n i t  Reynolds number and t r a n s i t i o n  Reynolds number ranges a s  t h e  r ecen t  a d i a b a t i c  
w a l l  f l i g h t  data  ( r e f .  26). 

RAx, would have t o  be t h e  same and a l l  d i s turbance  wavelengths o r  

Re i n  f i g u r e  
ReIT would pre-  

Re,T 
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would be t h r e e  t i m e s  l a r g e r  
a t  t h e  s a m e  va lues  of po. Since % would then  be t ree t i m e s  l a r g e r ,  t h e  no i se  
l e v e l s  would be lower than i n  t h e  p i l o t  nozzle,  a s  i n d i c a t e d  by e x t r a p o l a t i o n s  of t h e  
p r e s e n t  t u r b u l e n t  da t a  i n  f i g u r e  1 1 .  However, t h e  most important b e n e f i t  of t h e  
l a r g e r  f a c i l i t y  i s  t h a t  t h e  nozzle-wall t u r b u l e n t  boundary l a y e r  would be about  
2 . 5  t i m e s  t h i c k e r  (assuming t h a t  t h e  t u r b u l e n t  boundary-layer t h i c k n e s s  i s  approxi- 
mately p ropor t iona l  t o  X( Re - O o 2 ) .  Since t h e  frequency content  of t h e  r a d i a t e d  
n o i s e  v a r i e s  approximately inve r se ly  a s  t h e  t u r b u l e n t  boundary-layer t h i ckness ,  t h e  
f r equenc ie s  should be reduced considerably.  Then, because a t  t h e  s a m e  u n i t  Reynolds 
numbers t h e  c r i t i c a l  f requencies  f o r  ampl i f i ca t ion  of i n s t a b i l i t y  waves would be t h e  
s a m e  a s  i n  t h e  p i l o t  t unne l ,  t h e s e  c r i t i ca l  f r equenc ie s  might no t  be p resen t  o r  t h e i r  
energy might be much reduced. Consequently, t h e  va lues  of R on a model under 
t h e s e  cond i t ions  a t  high u n i t  Reynolds numbers might a l s o  be i n  t h e  range of f l i g h t  
da t a .  

"R" For a t u r b u l e n t  q u i e t  t es t  core,  t h e  va lues  of 

e,T 

CONCLUSIONS 

Measurements of t h e  free-stream f l u c t u a t i n g  p res su res  have been obtained by ho t -  
w i r e  anemometry i n  a Mach 3.5  p i l o t  q u i e t  nozzle over a u n i t  Reynolds number range 
from 2.5 x I O 5  t o  16 x 10  A l s o ,  t r a n s i t i o n  Reynolds numbers on a sha rp  
t i p  5O half-angle cone a t  zero angle  of a t t a c k  w e r e  determined over  t h e  same range of 
u n i t  Reynolds numbers from equi l ibr ium temperature measurements on t h e  cone. The 
fol lowing conclusions concerning t h e  c h a r a c t e r i s t i c s  of t h e  no i se  f i e l d  i n  t h e  nozzle 
and t h e  e f f e c t s  of t h i s  noise  on t r a n s i t i o n  are based on t h e  da t a  and comparisons 
wi th  previous r e s u l t s  as presented i n  t h i s  r epor t :  

5 p e r  inch. 

Noise F i e l d  

1 .  Large a x i a l  v a r i a t i o n s  i n  t h e  no i se  l e v e l s  and spec t r a  w e r e  measured within 
t h e  tes t  rhombus. 

2. The magnitude and s p a t i a l  l o c a t i o n s  of t h e s e  changes i n  no i se  l e v e l s  depended 
on t h e  u n i t  Reynolds number and on whether t h e  boundary-layer bleed valve was open o r  
closed. 

3 .  In a l l  cases, t h e  no i se  l e v e l s  a t  t h e  upstream end of t h e  tes t  rhombus w e r e  
a n  o rde r  of magnitude, o r  more, below t h e  l e v e l s  a t  t h e  mid and a f t  s ec t ions .  

4.  When t h e  nozzle-wall boundary l a y e r s  a t  t h e  a c o u s t i c  o r i g i n s  w e r e  f u l l y  
t u r b u l e n t ,  t h e  no i se  l e v e l s  a t  t h e  midsection of t h e  t es t  rhombus w e r e  from 30 t o  
60  pe rcen t  of  t h e  l e v e l s  reported f o r  o t h e r  supersonic  t u n n e l s  of comparable Mach 
number . 

5 .  When t h e  nozzle-wall boundary l a y e r s  w e r e  laminar a t  t h e  a c o u s t i c  o r i g i n s ,  
t h e  no i se  levels  were nea r ly  two o r d e r s  of magnitude below those  of o t h e r  t u n n e l s  and 
t h e r e  was no measurable dis turbance energy above t h e  instrument no i se  a t  t h e  high 
c r i t i ca l  frequencies  corresponding t o  Tollmien-Schlichting wave ampl i f i ca t ion  i n  
supersonic  laminar boundary l a y e r s  on cones. 

2 0  



T r a n s i t i o n  

1. The Reynolds numbers f o r  t h e  onse t  of t r a n s i t i o n  va r i ed  from a p p r o x i m t e l y  
6 2.0 x I O 6  up t o  8.5 x 10 . 

t h e  l e v e l  and spec t r a  of t h e  no i se  inc iden t  upon t h e  cone i n  t h e  r eg ions  upstream of 
t h e  t r a n s i t i o n  l o c a t i o n  was noted. 

A q u a l i t a t i v e  dependence of t r a n s i t i o n  Reynolds number on 

2. When t h e  b l eed  valve w a s  open and t h e  cone apex w a s  a t  t h e  upstream end of 
t h e  t e s t  rhombus, t h e  no i se  l e v e l s  i nc iden t  upon t h e  upstream reg ions  of t h e  cone 
boundary l a y e r  w e r e  very low and t h e r e  was no measurable no i se  energy above i n s t r u -  
ment no i se  a t  high frequencies .  Both t h e  va lues  of t r a n s i t i o n  Reynolds numbers and 
t h e  e x t e n t  of t h e  t r a n s i t i o n  region then agreed with f l i g h t  data  f o r  u n i t  Reynolds 

5 numbers of 7.9 x 10 p e r  inch,  or less. 

3. A s  t h e  u n i t  Reynolds numbers w e r e  increased above 7.9 x I O 5  p e r  inch,  t h e  
t r a n s i t i o n  Reynolds numbers decreased r ap id ly  i n t o  t h e  lower range of wind-tunnel 
va lues  because of t h e  i n c r e a s e  i n  both noise  l e v e l s  and energy a t  high frequencies .  

4. When t h e  cone w a s  moved 3 in .  downstream and t h e  bleed valve w a s  open, t h e  
5 t r a n s i t i o n  Reynolds numbers, f o r  u n i t  Reynolds numbers of 7.9 x 10 p e r  inch o r  less, 

decreased i n t o  t h e  upper range of wind-tunnel l e v e l s  due t o  t h e  inc reas ing  root-mean- 
square no i se  i n t e n s i t y  and inc reas ing  noise  energy a t  high frequencies.  

5. When t h e  bleed valve w a s  closed, t h e  root-mean-square i n t e n s i t i e s  decreased 
bu t  t h e  noise  energy a t  high frequencies  increased and t r a n s i t i o n  Reynolds numbers 
t h e n  decreased f u r t h e r  t o  va lues  somewhat above o r  below t h e  lower l e v e l s  of previous 
wind-tunnel d a t a ,  depending on t h e  cone locat ion.  

Langley Re search Center 
Na t iona l  Aeronautics and Space Administration 
Hampton, VA 23665 
J u l y  6, 1983 
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TABLE I.- RUN C O N D I T I O N S ,  T R A N S I T I O N  D I S T A N C E S ,  AND T R A N S I T I O N  
FlEYNOLDS NUMBERS FOR ALL DATA USED I N  F I G U R e  2 1  

(a) Figure 2 1 ( a ) ;  b leed  valve open; X, = 5 in .  

Run 

3 

5 

23 

34 

35 

30 

39 

40 

41 

PO, 
psia 

151.5 
125.4 
100.3 
79.2 
54.9 
27.2 
149.7 
123.1 
96.1 
76.2 
52.0 
24.7 
152.1 
120.0 
90.0 
74.0 
51.0 
30.6 
140.0 
123.0 
96.3 
70.0 
51.9 
20.9 
148.2 
124.6 
102.6 
76.4 
53.8 
29.5 
152.7 
123.5 
106.5 
00.4 
51.7 
43.7 
154.7 
127.6 
103.4 
76.0 
52.7 
41.2 
152.7 
126.9 
94.8 
77.6 
50.6 
41.9 

125.0 
99.6 
76.0 
69.1 
44 -3 

i50.e 

TO 
OF 

111.6 
113.5 
115.0 
111.9 
113.1 
114.0 
110.0 
115.0 
117.3 
114.5 
117.2 
117.0 
99.7 
100.0 
99.2 
104.2 
109.5 
105.3 
93.0 
04.1 
04.7 
03.1 
03.3 
06.6 
102.3 
105.5 
105.7 
101.6 
104.9 
104.9 
110.7 
106.9 
112.3 
115.5 
114.6 
116.6 
105.1 
105.9 
100.0 
111.3 
114.9 
189.9 
109.1 
104.0 
105.6 
104.0 
100.4 
106.0 
147.1 
146.3 
152.6 
156.9 
159.2 
163.5 

Rm-5 
x 10 , 
in-' 

13.92 
11.50 
9.06 
7.20 
5.03 
2.40 
13.03 
11.17 
0.67 
6.96 
4.71 
2.24 
14.42 
11.50 
9.33 
7.02 
4.79 
2.07 
14.33 
12.17 
9.50 
7.77 
5.17 
2.05 
14.00 
11.67 
9.50 
7.22 
5.04 
2.77 
14.00 
11.50 
9.75 
7.32 
4.72 
3.97 
14.50 
11.92 
9.50 
7.00 
4.00 
3.El 
14.17 
11.92 
0.03 
7.27 
4.69 
3.90 
12.67 
10.50 
0.23 
6.22 
5.63 
3.57 

R,, 
x 10 , 

*- 1 

5.40 
4.53 
3.58 
2.06 
1.90 
.90 

5.45 
4.40 
3.41 
2.74 
1 .e5 . 00 
5.60 
4.53 
3.67 
2.76 
1 .e9 
1.13 
5.64 
4.79 
3.77 
3.06 
2.03 
1.12 
5.51 
4.59 
3.77 
2.04 
1.90 
1.09 
5.54 
4.53 
3.04 
2.00 
1.06 
1.56 
5.71 
4.69 
3.77 
2.76 
1 .e9 
1.50 
5.50 
4.69 
3.40 
2.06 
1 .e5 

4.99 
4.13 
3.24 
2.45 
2.21 
1.40 

1.54 

14.97 2.2 3.31 
12.37 3.3 4.10 
9.77 4.9 4.01 
7.02 10.6 0.33 
5.40 12.0 6.94 
2.67 714.5 73.09 
14.00 3.1 4.63 
12.01 4.6 5.55 
9.32 4.7 4.40 
7.40 10.9 0.19 
5.06 13.4 6.01 
2.41 >14.5 73.51 
15.50 1.0 2.00 
12.36 3.7 4.59 
10.03 5.1 5.14 
7.55 9.3 7.04 
5.15 13.3 6.00 
3.00 714.5 7 4 - 4 9  
15.41 1.9 2.94 
13.00 2.3 3.02 
10.30 4.0 4.14 
0.35 0.6 7.21 
5.55 12.6 7.02 
3.06 H4.5 r4.46 
15.05 2.2 3.32 
12.55 2.9 3.65 
10.31 4.7 4.06 
7.76 18.5 0.10 
5.42 12.0 6.97 
2.90 714.5 >4.33 
15.15 2.2 3.34 
12.37 3.2 3.97 
10.49 4.0 5.05 
7.07 10.9 0.61 
5.07 214.5 77.30 
4.27 714.5 >6.21 
15.59 2.0 3.13 
12.01 2.0 3.60 
10.31 4.3 4.45 
7.53 9.7 7.33 
5.16 >14.5 77.51 
4.10 714.5 75.96 
15.24.- 2.4 %.-67 
12.01 3.5 4.50 
9.50 5.9 5.63 
7.01 9.5 7.45 
5.05 >14.5 >7.34 
4.19 >14.5 76.10 
13.64 2.9 3.97 
11.30 4.1 4.65 
0.06 6.0 6.05 
6.69 11.9 0.00 
6.06 >14.5 >%.e2 
3.04 >14.5 75.59 

5 
'TE 

.55 

.67 

.77 

.91 

.91 

.66 

.75 

.64 

.91 

- 

- 
- 

~ 

.69 
-76 
.76 
* 0s 
-90 

.51 
-52 
.66 
.06 
.91 

- __ 

- 
.55 
.50 
.71 
.91 
* 90 

.63 

.71 

.79 

.92 

- 
~ 

- 
- 
~ 

.67 

.72 

.70 

.07 - 
- - -- 
.60 
.73 
.e1 
.03 - 
- 

~ 

.66 

.75 . 05 . 09 - 
- 

Main 
r o w  deg 

1 100 

1 100 

2 0  

1 100 

1 100 

2 0  

2 90 

1 270 

1 270 
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TABLE I.- Continued 

(b) Figure 21(b); bleed valve open; Xc = 8 i n .  

Run TO psia OF 

8 151.1 115.4 
123.5 120.2 
102.9 113.7 
76.0 113.5 
51.3 108.5 
27.4 108.2 

10 128.0 116.2 
100.4 112.9 
76.8 112.1 
52.8 118.2 
25.0 105.5 

48 150.3 111.2 
125.5 106.3 
97.9 108.7 
76.9 113.4 
51.5 110.6 
41.9 107.6 
31.7 106.1 

50 150.5 150.1 
121.5 146.2 
100.0 147.3 
78.5 150.0 
53.5 154.2 
43.2 165.4 
32.0 164.2 

52 149.6 106.5 
124.4 183.9 
98.3 103.6 
76.0 106.1 
51.4 107.5 
41.5 106.5 
31.7 104.4 

x %-5, 
in - '  

13.75 
1 1 - 8 8  
9.42 
6.95 
4.76 
2.54 
11.58 
9.17 
7.20 
4.77 
2.34 
13.83 
11.67 
9.08 
7.03 
4.75 
3.90 
2.96 
12.50 
10.17 
8.42 
6.53 
4.41 
3.46 
2.58 
13.92 
11.50 
9.25 
7.10 
4.78 
3.87 
2.98 

R,, 

m- 1 
x 10 , 

5.41 
4.36 
3.71 
2.74 
1.87 
1 .OO 
4.56 
3.61 
2.83 
1.88 
.92 

5.45 
4.59 
3.58 
2.77 
1.87 
1.54 
1.16 
4.92 
4.00 
3.31 
2.57 
1.74 
1.36 
1.01 
5.48 
4.53 
3.64 
2.80 
1.88 
1.52 
1.17 

3 - 5 ,  xT, Re T 

14.79 2.1 3.12 
11.92 2.9 3.47 
10.13 3.7 3.76 
7.48 7.7 5.78 
5.12 10.5 5.39 
2.73 >14.5 >3.98 
12.46 2.8 3.50 
9.86 3.7 3.66 
7.74 6.5 5.05 
5.13 10.2 5.25 
2.52 >14.5 >3.67 
14.88 2.2 3.29 
12.55 2.3 2.90 
9.77 3.3 3.24 
7.56 8.0 6.07 
5.11 10.2 5.23 
4.19 13.3 5.60 

~~ 3.18 >14.5 >4.63 
13.46 2.5 3.38 
10.94 3.0 3.30 
9.06 3.9 3.55 
7.03 8.3 5.86 
4.75 11.3 5.38 
3.72 >14.5 >5.42 
2.77 >14.5 p4.04 
14.97 2.5 3.76 
12.37 3.0 3.72 
9.95 3.5 3.49 
7.64 8.5 6.51 
5.14 12.2 6.30 

3.20 >14.5 >4.66 

i n .  x 16-6 
in - '  

4.16 >14.5 26.05 

'T Main 4 ,  
xTE row de9 

.57 1 180 

.62 

.67 
187 
.88 

.74 2 0 

.76 

.82 
-88 

.67 1 180 

.59 

.67 

.88 

.88 

- 

- 
~~ 

- 

- 
- 
.66 1 180 
.68 
.72 
.89 
.89 - 
- 
.74 1 270 
.73 
.73 
.87 
.88 - 
- 
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TABLE I.- Continued 

(e) Figure 21(c); bleed valve closed; Xc = 5 i n .  

Run 

4 

10 

19 

36 

53 

( d )  

Run 

9 

POI 
p s i a  

147.0 
124.4 
90.8 
75.9 
53.7 
26.3 
153.0 
126.4 
101.6 
79.9 
54.6 
31.6 
149.9 
124.1 
90.3 
79.1 
52.9 
32.3 
151.2 
123.7 
99.5 
75.1 
57.6 
43.9 
27.9 
148.3 
123.9 
99.9 
75.4 
53.4 
40.7 
31.4 

TO 
OF 

114.2 
116.6 
115.0 
123.6 
127.4 
115.9 
104.0 
107.1 
104.0 
101.0 
101.4 
103.9 
99.7 
99.1 
99.1 
99.5 
106.7 
100.0 
112.6 
117.5 
115.4 
114.0 
111.0 
110.2 
111.9 
110.7 
110.2 
111.2 
114.1 
112.4 
109.4 
100.1 

x : 7 5 ,  
i n -  

13.42 
11.25 
9.00 
6.76 
4.73 
2.39 
14.33 
11.75 
9.50 
7.56 
5.17 
2.97 
14.25 
11.03 
9.33 
7.52 
4 -93 
3.00 
13.83 
11.17 
9.08 
6.06 
5.29 
3.97 
2.57 
13.67 
11.42 
9.17 
6.00 
4.90 
3.76 
2.92 

R--7 

m- ' x 10 , 

5.20 
4.43 
3.54 
2.66 
1.06 
.94 

5.64 
4.63 
3.74 
2.90 
2.03 
1.17 
5.61 
4.66 
3.67 
2.96 
1.94 
1.10 
5.45 
4.40 
3.58 
2.70 
2.00 
1.56 
1 .O1 
5.30 
4.49 
3.61 
2.71 
1.93 
1.40 
1.15 

x %-5,  
in - '  

14.43 
12.10 
9.60 
7.27 
5.83 
2.57 
15.41 
12.64 
10.22 
0.13 
5.56 
3.19 
15.32 
12.72 
10.03 
0.00 
5.31 
3.23 
14.08 
12.01 
9.77 
7.38 
5.69 
4.27 
2.76 
14.70 
12.20 
9.06 
7.40 
5.27 
4.04 
3.14 

XT * 
i n .  

2.5 
3.7 
4.6 
5.7 
5.5 
13.0 
2.0 
3.5 
4.2 
5.2 
5.2 
12.0 
2.3 
3.2 
4.1 
5.2 
6.0 
12,4 
1.9 
2.4 
3.5 
5.1 
5.4 
9.4 
12.6 
2.5 
3.0 
3.6 
4.0 
5.3 
9.9 
11.8 

Re T 
x 16-6 

3.62 
4.49 
4.47 
4.16 
2.01 
3.36 
4.33 
4.44 
4.31 
4.24 
2.90 
3.84 
3.54 
4.09 
4.13 
4.22 
3.20 
4.02 
2.04 
2.09 
3.43 
3.70 
3.09 
4.03 
3.49 
3.69 
3.70 
3.56 
3.57 
2.00 
4.02 
3.72 

"T Main +, 
x r o w  deq 

.60 1 180 

.76 

.79 

.70 

.66 

- 
TE 

.70 1 100 

.74 

.76 

.79 

.68 

.86 

.72 2 0 

.e0 . 80 

.79 

.73 . 05 

.50 1 100 
-57 
.67 
.76 
.72 
.81 

.68 1 180 

.71 

.73 

.71 
- 8 1  
.04 

- 

.79 , 

TABLE I.- Concluded 

Figure 21(d) ; bleed valve closed; X, = 8 i n .  

150.9 
126.4 
97.4 
77.6 
52.8 
27.0 

49 150.6 
122.4 
96.6 
75.7 
47.7 
43.6 
31.3 

51 149.0 
122.0 
90.3 
77.0 
52.5 
42.0 
32.1 

120.7 
123.7 
125.3 
116.9 
121.0 
114.0 
110.1 
113.7 
115.0 
111.1 
104.5 

107.2 
111.6 
109.4 
111.2 
112.4 
188.1 
113.1 
118.6 

106.e 

13.50 5.31 
11.25 4.43 
0.67 3.41 
7.03 2.77 
4.73 1.06 
2.54 1.00 
13.92 5.40 
11.17 4.40 
0.03 3.40 
6.97 2.74 
4.47 1.76 
4.07 1.60 
2.92 1.15 
13.75 5.41 
11.25 4.43 
9.88 3.58 
7.07 2.70 
4.88 1.s2 
3.04 1.51 
2.89 i i i i  

14.52 
12.10 
9.32 
7.57 
5.83 
2.73 
14.97 
12.01 
9.50 
7.49 
4.00 
4.37 
3.14 
14.79 
12. ie 
9.77 
7.60 
5.24 
4.13 
3.11 

2.7 3.94 .61 
3.1 3.77 .62 
4.2 3.93 .69 
5.4 4.10 .70 
4.1 2.10 .59 
9.4 2.50 .O1 
2.2 3.31 .61 
2.6 3.13 .65 
3.3 3.15 .69 
4.3 3.23 -72 - . - - - . - 
3.S 1.69 .57 
5.4 2.37 -70 

2.5 3.71 .74 
2.9 3.52 .74 
3.5 3.43 .70 
4.3 3.28 .78 
4.2 2.21 .60 
5.6 2.32 .73 
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Figure  1.- P i l o t  low-disturbance tunnel  a t  t h e  Langley Research Center. 
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( a )  Cutaway isometric sketch showing boundary-layer bleed s l o t s  i n  subsonic 
approach and s l o t  suction plenum. 

Figure 2 .- Mach 3.5 two-dimensional nozzle. 
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( b )  Photograph of subsonic approach showing d e t a i l s  o f  sidewall and contour 
w a l l  boundary-layer bleed s l o t s .  

Figure 2.- Concluded. 
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horizontal  center  planes of nozzle. 
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( a )  Cone apex a t  X = 5 i n .  f r o m  nozzle  
t h r o a t ;  Rm FY 5.0 x 10  5 per inch.  

( b )  Cone apex a t  X = 8 i n -  from noz 
t h r o a t ;  R, RJ 5.0 x IO5 per inch. 

1 ( C )  Cone apex a t  X = 8 i n .  f r o m  z z l e  
t h r o a t ;  R, FY 3.8 x 10 p e r  inch. 

L-83- 10 0 

5 

Figure 16.- Schl ie ren  photographs showing downstream regions  of flow on t h e  cone 
a t  two tes t  l o c a t i o n s  i n  t h e  nozzle with b leed  va lve  open. 
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Figure 21 . -  Comparison of p re sen t  t r a n s i t i o n  Reynolds numbers with wind tunne l  
and f l i g h t  data. 
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MA" 0, deg RUN ROW 

L 

0 8  1 180 
A 48 1 180 

FLIGHT DATA ON 0 10 
SHARP T I P  CONES 

TRANSITION OFF 

SHARP T I P  CONES 

0 8  1 180 
A 48 1 180 

1 
180 \ 
n .\ \ 

A en 1 

270 \ 

lo5 lo6 
R , per in. e 

(b) Cone apex at X = 8 i n .  from t h r o a t :  b leed  valve open. 

F igure  2 1. - Continued. 
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MA" 0, deg RUN ROW 
0 4  1 180 
A 18 1 180 
0 36 1 180 
A 53 1 180 

1 
\ 

2 FLIGHT DATA ON 19 
SHARP TIP CONES 

(SEEFIG. 20) 

SHARP TIP CONES 
I N  CONVENTIONAL 

0 4  1 180 
A 18 1 180 . 

lo6 I l l  1 1 1 1  1 1  I I I I I I I l . 1  I 

3 lo4 lo5 lo6 2 x lo6 
R , per in. e 

(c) Cone apex a t  X = 5 i n .  f r o m  t h r o a t ;  b l eed  va lve  c losed .  

F igu re  2 1. - Continued. 
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lo5 R , per in. e 
lo6 

( d )  Cone apex a t  X = 8 i n .  from t h r o a t ;  bleed valve closed.  

Figure 2 1. - Concluded. 
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VERTICAL 
CENTER PLANE 

AY = AX TAN p 

CONTOUR WALL 

HO R I Z ONTA L 
CENTER PLANE 

AZ=2M T A N p  sw 

Figure 22.-  Shape and location of quiet  t e s t  core 
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